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PREFACE TO THIRD EDITION. 

In this edition a number of minor alterations and cor- 
rections have been made, which, it is hoped, will remove 
obscurities. Additional references have been given for 
readers who wish to study the subject further. Im- 
portant alterations will be found in the sections relating 
to Vowel Sounds and to Singing Flames. In the latter 
very scanty justice was done in the earlier editions to 
the excellent work of Professor Barrett. 

June 1904. 
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The Third Edition having been so quickly exhausted, 
the Fourth Edition is issued with only some slight cor- 
rections found to be necessary. 

July 1906. 



PEEFACE. 

The following account of the phenomena of Sound and 
of the theory connecting them together forms one part 
only of a Text-Book of Physics which the authors are 
preparing. The Text-Book is intended chiefly for the 
use of students who lay most stress on the study of the 
experimental part of Physics, and who have not yet 
reached the stage at which the reading of advanced 
treatises on special subjects is desirable. To bring the 
subject within the compass thus prescribed, an account 
is given only of phenomena which are of special import- 
ance, or which appear to throw light on other branches 
of Physics, and the mathematical methods adopted are 
very elementary. The student who possesses a knowledge 
of advanced mathematical methods, and who knows how 
to use them, will, no doubt, be able to work out and 
remember most easily a theory which uses such methods. 
But at present a large number of earnest students of 
Physics are not so equipped, and the authors aim at giving 
an account of the subject which will be useful to students 
of this class. 

Even for the reader who is mathematically trained, 
there is some advantage in the study of elementary 
methods, compensating for their cumbrous form. They 
bring before us more evidently the points at which the 
various assumptions are made, and they render more 
prominent the conditions under which the theory holds 
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good. For such readers the authors hope that this 
work may aflFord a fitting introduction to more advanced 
treatises, and especially to Helmholtz's great work, The 
Sensations of Tone, which deals chiefly with the physio- 
logical aspect of Sound, and to Lord Rayleigh's Theory 
of Sound, at once the most systematic, original, and 
complete work on the subject. 

Jemuary 1899. 
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THE NATURE OP SOUND AND ITS CHIEF 
OHARAOTERISTICS. 



CoNTBKTK. — Oripn of Sound and Sound-W«»ei— Characlerigticg of Wbvm — 
Characteriatica of Sounds — Loudness — Pitch — Qunlit; — Sound-Wavu 
uro Lontptudinal — Noiae. 

The sensatioD which we receive through the ear, and the external 
disturbance which arouses that sensation when it reaches the ear, 
are both denoted in coDimon language as sound. In physics we 
are concerned with the external disturbance, and our aim is to 
investigate the conditions under wliich it arises, the mode in 
which it is propagated from its source, and the variations in the 
nature of the disturbance which correspond to tlie differences in 
the sensations we experience. 

Sound arises in general from Vibrating Sources. — An 
examination of the mode of sounding any musical instrument in 
which the sounding parts consist of strings, rods, or bars, shows 
that these are always struck or pulled in such a way that they are 
set in vibration. Usually the vibration is bo frequent that we 
cannot follow the motion to and fro, though it may be so wide 
in extent that the outline of the vibrating body is visibly altered. 
More generally, when any body, whether designed as a musical 
instrument or not, is set in vibration, if the vibrations are regular 
and of sufficient fre{]uencv and extent, a musical note is heard. 
Instances, such as a tumbler or a gas globe, will occur to the 
reader. 

A Vibrating Soorce gives rise to Waves in the sur- 
roonding Air. — Let us imagine ft round, flat, un?tal plate himg 
up by strings (Fig. 1. a) passing through holes bored at a suitable 
distance — about 068 of the radius is the best — ^from the centre. 
When struck at the centre, it vibrates between the positions shown 
by the dotted lines in Fig. 1, b, the central part always moving 
to and &o in the opposite direction to the rim, and the circle 




2 THE NATUItE OF SOUND. 

through the suspending holes being at rest. Considering only the 
central portion, we can see how its vibrations will affect the air. 
As the plate moves forward it pu^jhes against the layer of air 
in front of it, compresses it, and drives it against the next layer. 
This next layer is then compressed and pushed forward against the 
next, and so on, the push oeing transmitted on through the air. 
^Vhen the plate has reached the limit of its forward excursion 
it returns, and the air follows it, expanding into the space vacated 
by the plate. This relief of pressure has the same effect as a pull, 
and therefore we may think of the plate as now pulling at the layer 
of air in front of it. As this layer moves backwards it lessens 
the pressure against the next layer, which also moves backwards, 
and so on. TTius, the extension or pull of the air is transmitted 
forwards after the push. When the plate makes another forward 
motion, another push is sent out, to be followed, when the plate 




8 Front Vietv 

PiQ. 1. — a. Vibrttlinj; Plate hung up h]r itringi thn 
0'6S ndiui Irom thn c»Dtr«. 
i. Dotted tinei ibawing the mode of ribi 




returns, by another pull. These pushes and pulls, or compressions 
and extensions, with the necessary to-and-fro motions, constitute 
air-waves, each complete wave consisting of a push and a pull. 
To obtain a clear notion of the movement of the layers or air 
during the propagation of the waves, the reader should construct 
a Crova's disc uke that represented in Fig. 2. Eight or ten equi- 
distant points are taken on a small circle at the centre of a large 
card, and from these points, taken as centres in regular succession, 
circles are drawn, wiUi radii increasing successively by a constant 
amount greater than the distance between the successive centres. 
Fifteen or twenty circles may be thus drawn, and if the card is 
rotated about its centre, the motion of the curved lines on one 
aide of the centre will represent the to-and-fro motion of the 
layers of air, as this would appear if we could suppose the air 
visible and watched by an observer on one side of the line of 
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propagation. If the circles are drawn on a small scale and nearly 
ap to the centre, as in Fig. S, it is better to cover up the card 
with a second fixed card having a slit cut in it, say of the width 
shown by the dotted lines, so that the curved lines are only seen 
through this slit and their curvature b less evident. But with 
a large disc this is quite needless. 

We shall now briefly consider the evidence which leads us 
to believe that the waves arising from the vibrating source con- 
stitute sound. 



The Oharacteristics of Waves. —The characteristics of the 
transmission of disturbance in the form of waves are : — 

1. Hie disturbance takes time to travel from one point to 
another. 

2. A material medium to be disturbed is necessary. 

3. On meeting an obstacle the waves are reflected back, and 
the ^O^Ip of incidence and reflection are equal. 

4. The course of the waves is changed, i.e. they are refracted 
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when they pass from one medium into another in which the rate 
of travel is different. 

6. There are a series of phenomena grouped together under 
the terms biterference and i>iflraction which can be shown to 
result from the alternating nature of the disturbance brought to 
any point by the waves. 

The waves with which we are most familiar are those on the 
surface of water, and we may easily observe in them all the 
characteristics just described. It is obviously true that they take 
time to travel, and that the disturbance is in the medium — ^the 
water — through which they travel. The reflection of water-waves 
may be well seen on a reservoir when the waves come up against 
a straight wall. A little attention may be needed to separate the 
reflected from the incident waves, but with practice the two series 
will be seen quite distinctly travelling at equal inclinations on 
the two sides of the normal. 
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Shore Li ne> 

Fia. S. — Refraction of Wayee on a Sloping Shore. 

Refraction occurs whenever water-waves travel obliquely towards 
a gradually sloping shore. The waves as they roll in become more 
and more nearly parallel to the shore. This may be observed on 
a large scale in the waves of the sea breaking on a sloping sandy 
shore, and on a small scale in the ripples on a pool. The ex- 
planation is to be found in the fact that as the depth decreases 
the rate of travel also decreases. For let AB, Fig. 3, represent 
the margin of the water surface, the depth gradually increasing 
outwards. Let CD represent a wave in deep water at a certain 
instant, and let the depth at C begin to diminish so as to lessen 
the speed of the wave. The part of the wave towards D is still 
in deep water, and so its speed is unchanged. A short time later, 
when C has reached C, D has travelled a greater distance to D', 
and so the wave has swung round. D^ now begins to travel more 
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•lowly, but C, being in shallower water, travels niore slowly still, 
so that while D' travels to D", C only travels to C", and the wave 
swings round still more, and ultimately it may come ia practically 
parallel to the shore-line AB. 

Examples of interference of water-waves are not quite so easily 
detected, out one case may sometimes be seen when reflection u 
occurring at oblique incidence against a vertical wall. The water 
near the wall has a peculiar lumpy appearance, the lumps rising 
and falling several times in succession at nearly the same points. 
This appearance may be explained by the superposition and inter- 
ference with each other of tbe incident and reflected waves. 

It is easy and very interesting to study some of the character- 
ifltica of waves in the case of ripples in a shallow water-trough. 
Instead of looking at the ripples directly, we may illuminate the 
surface by a bright light — sunlight is most effective— and watch 
the rijiples in the reflection on a suitably placed screen. Re- 
flection may be obtained from bodies of variously shaped edges 
placed in the trough, and refraction may be shown by placing at 
the bottom of the trough bodies of lenticular or other shapes, 
reducing the depth from, say, 2 inches to J inch, the velocity of 
ripple-propagation being reduced at the same time. 

Turning now to sound, we shall see that all the general charac- 
teristics of waves may be recognised as — 

Characteristics of Sound.— 1. Sound tnke« time to travel. — 
We can often detect an interval between the sight and sound of 
some event. We see the puff of smoke from a gun before we 
hear the report if the gun is at a distance, or we see the steam 
rising from the whistle of an engine before we hear the sound, and 
the sound continues after the steam is shut off. Still more striking 
is the interval between the flash of lightning and the thunder to 
which the lightning gives rise. In the m^xt chapter we shall see 
that direct measurements of the velocity of sound show thitt for a 
glTCn state of the air it is constant, and that this constant value 
18 the same as the velocity with which air-waves should travel aa 
calculated on mechanical principles. 

2. Sound travels ihrottffh air or some mnierial Trwdium. — If an 
electric bell is suspended within the receiver of an aii--pump and 
■et ringing, the sound gradually decreases as the air is exhausted, 
and Anally becomes inaudible, the material connection between 
the bell and the observer being insufficient to transmit a sensible 
disturbance. On re-admitting the air, the bell is heard again. 

But sound may travel through media other than air. A watch 
placed on one end of a table may be heard ticking most distinctly 
on placing the ear against the other end of the table, the sound 
travelling through the wood of the table ; or if the observer 
holds the watch in his teeth, he hears the ticking loudly through 
the teeth and the bones of the skull. The drum telephone, which 
consists of a couple of drum-heads with a tight string or wire 
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connecting the centres of the two drums, is another instance of 
sound-propagation through a solid medium. The sound, passing 
througn tne air, strikes one drum, is conveyed from it along the 
string, and is finally yielded up to the air by the other drum. 

Sound may easily be heard through water. If, for instance, the 
head is placed under water in a bath, the sound made by striking 
the side of the bath is perfectly audible. 

3. Sound is reflected. — An echo is simply a case of sound- 
reflection, and whenever we hear one we find some surfeu^ to 
which we may ascribe the reflection. On a small scale we may 
reflect sound by holding a watch in front of a large concave mirror. 
In accordance with the law of equality of the angles of incidence 
and reflection, the light from a source, S, Fig. 4, is gathered 
together after reflection at or near another point, S^ If the watch 
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Flo. 4.— Reflection of Sound by a Concaye Mirror. 8, 8', conjugate foci. 

F, principal focus. 

is placed at S, its ticking is heard most loudly when the ear is 
placed at S', or, better still, when a funnel with a tube leading to 
the ear is placed at S'. If the watch is placed at F, the principal 
focus of the mirror, whence light would be reflected as a parallel 
beam, the sound of the ticking may be thrown across a large room. 
4. Sotind is refracted when passing from one medium into 
another in which its speed is different, — Sondhauss devised a sound 
lens consisting of a collodion balloon of lenticular shape filled with 
carbonic acid. Since sound travels more slowly in this gas than in 
air, the sound oroceeding from a point at some distance on one 
side of the balloon and on its axis should be concentrated at a 
point at a certain distance on the axis on the other side, just as 
light would be concentrated by a glass lens, and Sondhauss verified 
the existence of this concentration. Fig. 5 represents the mode in 
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wTiich this is explained on the supposition that the sound consists 
of waves. The wares diverge from the source S, and on entering 
the lens travel more slowly. But as the central parts reach the 
lens first, they are delayed more than the edges, and therefore the 
waves become flattened. On emergence they travel more quickly 
again, and the edges emerging first gain on the central part, and 
so give the waves an opposite curvature which concentrates then 
on the point S'. 

Tyndall ' describes a rery interesting experiment, in which the 
lens is a soap-bubble filled with nitrous oxide, the souice a con- 
certina reed, and the receiver a sensitive flame. 




Tn. 6k— Warn Conemtnitod b; k Lena, io which tlie; tnTSl men ilowlir. lliB thick- 
IMH of tbo linat ronghl; rapr«MDta tti* iateiuitj of the mitm, Badiiu of Isu. 
10: rafnutiTB Index. 1-37; SS^V^f*. 

Other phenomena easily explained as cases of sound refraction 
will be described in Chapter IT. 

5. Sottnd exhibit* interference. — We shall here merely mention 
one illustration of this, tlie well-known "beating" of two notes 
nearly, but not quite, in unison, leaving further description till we 
discuss the subject more fully in Chapter X. 

Since, then, sound arises &om vibrating bodies which must 
give rise to waves in the surrounding matter, and since sound 
exhibits all the characteristics of waves, we can come only to the 
conclusion that soimd consistB of waves- 

The Tbree OharacteristicB of our SensatioDS <^ Sound 

> Sound, ith ed. p. 2«fi. 
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and their Physical Correspondenta—Oor sound sensations 
differ from one another in the three respects of Loudness, Pitch, 
and QnAUTY, and in no other respects. We may, iJiithout 
any detailed examination, assign to each of these its physical 
correspondent. 

Loudness. — When sound is arising from a given source, both 
observation and experiment show that the greater the extent of 
vibration, and the greater, therefore, the issuing waves, the louder 
is the sound. The waves are not longer, but larger in the sense 
that the to-and-fro motion of the transmitting particles of the 
medium is greater. Half the length of the total swing of a 
particle, as a wave passes through it, is termed its amplitade; 
hence we may say that the loudness of a sound depends upon and 
increases with the amplitude of the waves to which it corresponds. 

Up to the present time no simple and satisfactory method of 
measuring loudness has been devised, since it has never been of 
practical importance to obtain a measure. We pay much more 
attention to the quality than to the loudness oi a ^ven sound. 
If, for instance, we can hear a speaker perfectly clearly and with- 
out effort, we never think of the loudness of his voice, unless it be- 
comes painfully loud. Indeed, there is no doubt that when we do 
seek to compare loudness in different cases, we make quite false 
judgments. Most people suppose that a peal of thunder from 
lightning within a mile or so is exceedingly loud; yet it may 
be entirely lost in the sound of street traffic in a town. 

Probably if sources of sound like fog-sirens, in which loud- 
ness is the chief aim, should come into common use, modes of 
measuring loudness would be speedily devised, corresponding to 
the modes of measuring the brightness of sources of light. 

Pitch. — By difference of pitch we mean the difference which 
exists between the different notes, say a treble and a bass note, on 
the same musical instrument. The former is described as higher 
in pitch than the latter. Many sounds have no definite pitch. 
The report of a gun, a peal of thunder, the roar of street traffic, 
are merely noises in which we may sometimes have some slight 
sense of higher or lower, but yet we cannot describe them by any 
particular note. Every musical sound, however, hats a definite 
pitch, and we may have the same note produced in a variety of 
ways, as by the voice, by a piano-string, by the air in an organ- 
pipe, by the finger-nail run over a piece of ribbed silk, or even by 
a jet of water falling on a stone. In all these cases there is some 
source sending out regular waves, and it is easy to show by experi- 
ment that the pitch of the note heard corresponds to the number 
of waves reaching the ear per second, that is, to the frequency of 
the sound, the same pitch always corresponding to the same 
fretjuency, whatever the source. An apparatus devised for this 
purpose, a modification of the Oaxdboard Siren, is shown in Fig. 6. 

D is a cai*dboard or metal disc mounted on a spindle, and pro- 
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vided with, B&y, four concentric rows of equidistant holes. On 
the same spindle ure four toothed wheels, W, one for each circle of 
holes, and having as many teeth as there are holes in its corre- 
sponding circle. The spindle can be rapidly rotated by a belt or 
cord gearing it with a large wheel, which may be turned hy hand. 
A stream of air is blown from a nozzle, T. against one of the 
circles of boles, and every time a hole passes under the nozzle, a 
puiF of air issues through the card and gives rise to a wave. If 
the disc is uniformly turned, the waves are regular and a definite 
note is heard. If a thin caitl, C, is lightly pressed igainst the 
corresponding toothed wheel, it is lifted up and let fall by each 




mm- 



Fig. 6.— Cardboani Siroo and Toolhod Wbee 
peudian frequancy. W, vheela roBpectiTaly liai 
to holoi in ciroles of disc D ; C, cud held a^aii 
whiob air ii hlowa uguoit ths hol«. 
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tooth in turn, and so gives rise to waves the same in frequency as 
the disc, and the nota heard is the same in pitch, however different 
in quality. If the speed of rotation is varied, as it rises the 
note rises with it, showing that higher pitch accompanies greater 
fremiency. 

If there are four rows of holes and four wheels, it is usual to 
make the numbers in the ratios i : 5 : 6 : 8. The last has, there- 
fore, for a given 8{*eed, always double the frequency of the first. 
It is found that it always gives the octave of the first at the same 
speed, whatever this sjieed may be; or if one note has double the 
frequencv of another, it is the octave of that other. 
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The notes given by the first and second rows alwajrs form the 
interval of a major tnird, and those of the first and third that 
of a fifth. These are special cases of the general troth that the 
frequencies of the two notes forming a given musical interval 
always bear the same ratio to each other from whatever part of 
the scale they are taken. 

Quality. — ^The quality of a sound is that which distinguishes it 
from another sound of the same pitch proceedine from a diffonent 
source. We may hear the same note sun^ ana sounded on the 
piano, but there is no possibility of mistakmg the one sound for 
the other, so entirely difierent is their quality. There is no doubt 
that the difierence in quality corresponds to a difierence in the 
form of the waves reaching the ear. We shall now consider how 
the waves may have different forms while still of the same length 
and frequency. 

There are two tjrpes of simple waves, in which the disturbances 
or alternating motions of the psuiicles are respectively perpendicular 
to and in the direction of the line in which the waves are travelling. 
Let waves be passing; frt>m A to B, Fig. 7, and let I^ L^ L^ . . . 
be sections of succesive layers of the transmitting medium. Then 
In the first type the motion of these layers will be up and down or 
sideways, transverse to the direction AB, and the waves are termed 
traniverie waves. In the second t3rpe, each layer moves to and 
fro parallel to A B and the waves are termed longitudinal waves. 
An example of a transverse wave is given by a long cord or rope 
fixed at one end and held in the hand at the other. On moving 
the hand sharply, transversely to the rope, a wave is transmitted 
alonff it, disturbmg each particle transversely. 

Waves on the surface of water are compounds of transverse 
and longitudinal motion, for a floating particle both rises up and 
down and moves to and fro. If the waves are made in a shiallow 
trough in which there are particles of dust at the bottom, these 
particles will be seen to move to and fro, showing that at the 
Dottom the waves are longitudinal. 

A study of the mechanism of wave-transmission shows us that 

Sound- Waves in Air are Longitudinal. — For suppose that the 

layer of air L^, Fig. 7, is moving up and down transversely to AB. 
Consider its upward motion. It only tends to move L^ up while 
it is moving past it, the only force exerted being that of viscosity, 
which gradually brings L^ and Lg relatively to rest and then ceases. 
While Lj shares in this way its momentum with Lj and so transmits 
some energy to it, there is, on the whole, a loss of kinetic energy, for 
the transmission from a quickly to a slowly moving body in this 
case implies a loss. We may compare this with the case of impact 
with co-efficient of restitution zero, where the two bodies only act 
on each other till they have a common velocity, and where there is 
always loss of kinetic energy. The layer Lj ^^' ^^^^ ^^ move Lj 
up and transmit momentum to it, but again with a loss of energy, 
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MiH so on. When L, moves down again, it tends to (iiag the 
succeeding layen down ; bat there is again loss a! aiergy in the 
transmissioii of the mameatiini, and the Ion is so giCKt, that 
though a transvene wave may be started in air, the distarbance 
will not penetrate very far. 'There is not the slightest experi- 
mental evidence for a rapid dissipatioo of eoogy in MMmd-waves, 
so that we must exclude the supposition that they are tnnsveise. 

Now suppose that Lj is moving to and &o parallel to AB. 
As it moves forward against L^ it transmits momentom, and 
therefore enemr, to it ; and as long as L, is moving m<Ke rapidly 
forward than L^ thrae is a diminution trf' kinetic eneigv in tlie 
prooen. This is now not dissipated, but tranrfomied to the 



L, i, i, L^ 

V. 



potential energy of compression ; and when Lj and I^ have come 
relatively to rest, there is the increased pressure between the two 
ready to produce relative motion and restore the kinetic energy 
in the return journey. L. moves forward against I^ and shares 
momentum and ener^ wiui it, and so on. Then when L, moves 
back, I^ follows it, L, follows Lj, and so on; and a wave of 
to-and-m> motion is propagated onwards. 

It may he pointed out that in a solid medium transverse 
waves can be propagated without loss of energy, for the kinetic 
enei^ which dis^pears as two successive layers come relatively 
to rest, takes the form of potential shear energy, which reappean 
as kinetic in the return journey. 
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Displacement Diagram for Longitudinal Waye& — lliere is 

a most valuable graphic method of representing air-waves which 
readily enables us to realise the state of affiurs in different parts 

of a wave. 

Let AB, Fig. 8, be the direction of pro- 
pagation of the waves, and let C, D, E, F, 
6 ... be the original undisturbed posi- 
tion of certain particles in this line. At 
a particular instant, when the waves are 
passing, let these particles occupy the posi- 
tions C, d, ^, ^^ G, A, Af . . . From each 
point originally occupied by a particle draw 
a perpendicular to AB m the plane of 
the paper, and proportional to the dis- 
placement of that particle, above AB if 
the displacement is forward, and below it 
if backward. Thus DP, EQ, FR are drawn 
upwards, respective ly p roportional to Dd, 
Ee, Ff, while HS, KT, and LV are drawn 
downwards, respectively proportional to HA, 
KAr, Li. The points CGM being in their 
original positions, the perpendiculars are 
there zero. If the construction is carried 
out for every point in AB, the ends 
of the prpendiculars will form a curve 
CPQRGSTVM, which fully represents the 
state of displacement in the waves on some 
chosen scale; in other words, it repre- 
sents their form. We shall call a figure 
so drawn the displacement dia^Tsm for the 
waves. The reader will probably avoid con- 
fusion of thought if he carefully bears in 
mind from the first that the displacement 
diagram is merely a conventional represen- 
tation of the waves, the representation of 
the displacement being at rieht angles to 
the actual displacement. Only in the case 
of transverse waves with the disturbances 
all in one plane — plane-polarised waves — 
can the diagram represent the actual dis- 
placement as it occurs. It is very instruc- 
tive to draw several different displacement 
diagrams and then mark the actual displaced positions of psu:^ 
tides originally equidistant along the line of propagation. 

We may at once deduce from the displacement diagram the 
distribution of pressure throughout a wave. Thus, about the point 
£ the pressure nas its normal value, as the neighbouring particles 
are all displaced by the same amount forwards, the curve being 
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DIAGRAM FOR LONGITUDINAL WAVES. 



IS 



parallel to AB. At K, again, the preflBure is similarly normal. 
But between £ and K there is an excess of pressure, since the 
particles from £ to G are displaced, each one &rther forward 
than the next ; and those from G to K are displaced, each aoe 
less backward than the next, llie^ therefore crowci on each other. 
From C to £ and from K to M the particles are drawn away 
from each other, and therefore the pressure is less than the normal. 




Velocity Curv« 

FlQ. 9, — Displaoement DiAgium Id two sucoessiTe instanta. The Prouuro and Velooitj 
Gurres deduced from it. 



All the phenomena of sound justify us in assuming that the 
waves of disturbance travel on, the same in form and without 
breaking down, so that a moment afterwards the whole displace- 
ment diagi'am is shifted forward a little, though otherwise un- 
changed. This at once enables us to determine the distribution 
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of velocities, by noting whether a given ordinate of the curve 
will grow or lessen by the shifting, and whether it will be a 
change forwards or backwards. Fig. 9 represents a displacement 
dia^am at two successive instants, and underneath are the pressure 
and velocity diagiums deduced from it. It appears at once that 
forward velocity accompanies compression, and backward velocity 
extension. 

Wave-Length. — In a train of waves, the wave-length — usually 
denoted by X — is the length occupied before the distun>anoe begins 



<- X 



— ^ 






Fia. 10. — Eqoal WaTo-Lengths and Amplitude!, but different forma, 
(a) tnning-fork ; {b) violin ; (c) open organ-pipe. 

to repeat itself. In Fig. 8 it is the length CM. If U is the 
velocity with which the waves move forward, and n the number 
which pass a point in one second, then a lengtJi U of the displace- 
ment diagram contains n waves, and 

U-nX. 

If an observer is at the point, n is the frequency of the note 
he hears. 

Phase. — ^The particular part of a wave at a point at a given 
instant is termed the phase of the disturbance at that point. 
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The phase evidently repeats itself after the passage of a wave 
length. 

Comparing the displacement diagrams for two sets of waves, 
we see that they may differ from each other in three, and only 
three respects: in amplitude, wave-length, and form. We have 
already connected amplitude with loudness, and wave-length, as 
above, with pitch. On the assumption that the waves move on 
unchanged in form with constant velocity, we have only the third 
characteristic of form to connect with quality, and the conclu- 
sion that quality depends on form is, as we shall see hereafter, 
abundantly justified. In Fig. 10 there are three forms of wave, all 
of equal amplitude and length, but very different in form. These 
may be taken as representing, very nearly, the waves issuing 
respectively from a tuning-fork^ a violin, and an organ-pipe when 
sounding the same note. 

Noise. — Noise, as distinguished from musical sound, evidently 
corresponds to disturbance in which there is no regularity of 
alternation and no definite wave-len^h. Probably, too, when 
there is a mixture of a great number oi waves of difilerent lengths 
from different sources and without relation to each other, the ear, 
unable to pick out any one set of waves, hears only noise. Thus, 
when a number of people are talking together in a room, a 
bystander, listening to no one in particular, hears merely a noisy 
buzz. But many noises have some approach to pitch, and can at 
least be set down as high or low. Perhaps there may be some 
r^ular wavennotion accompanying the general irr^ular disturb- 
ance ; thus, when an iron rod laUs on the ground there is a noise, 
but accompanying the noise a note due to the vibration of the 
rod. In other cases it is possible that the sense of pitch may 
be due to a secondary disturbflince arising in the auditory apparatus 
of the observer or in the connected air passages. 



CHAPTER IL 

THE VELOCITY OP SOUND IN AIR AND OTHER 
MEDIA — REFLECTION AND REFRACTION OP 
SOUND. 

CoNTBNTs. — Velocity of Wares in Air — Detemiiiuitioiis of the Velocity of 
Sound in Air and other gases hy Direct Experiment — Velocity of Sound 
in Water and in Isotropic Solids — Reflection of Sound — Refraction of 
Sound. 

The identification of sound in air with waves of longitudinal 
disturbance is most satisfactorily established by the almost perfect 
agreement between the observed velocity of sound and the calcu- 
lated velocity of waves, the calculation being based on the known 
mechanical properties of air. 

In this chapter we shall first determine the velocity on certain 
suppositions which considerably reduce the mathematical difficulties 
of tne subject, and we shall then give an account of various experi- 
ments which have been made to determine the velocity of sound. 

Velocity of Longitudinal Waves in Air. — We shall assume : 
(1) that the displacement is small compared with the length of 
a wave — in other words, that the displacement diagram, if drawn 
on the scale 1 : 1, is very nearly flat ; and (2) that the state as 
to displacement is the same at the same instant in a plane of 

C^t extent, drawn perpendicular to the line of propagation, 
t the displacement diagram H P Q E represent the longi- 
tudinal disturbance existing at a given instant along the line AB, 
Fig. 11, the waves travelling from A towards B. We shall 
suppose that an external force is applied to every particle of air, 
such that, in conjunction with the mtemal force, due to pressure 
variation, it just suffices to propagate the displacement unchanged 
in form with velocity, U. Let tne external force on an element 
of cross-section 1 and length 1 be X. The internal force is the 
difference between the two end-pressures at M and N. If the 
undisturbed pressure is P, we may denote these by P+pu and 
F+Ps respectively, and the internal force is p^-p^f. 

The bulk-elasticity, E, of the air is the ratio of a small incre- 
ment of pressure, to the corresponding decrement of volume per 
unit volume, and is constant for small changes, such as are implied 
in assuming that the curve of displacement is nearly flat. This 
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implication will be evident from the expression for the volume 
change given below. 
We therefore have 

|9|| B E X change of volume per unit volume at M from the normal 
condition. 

If the change of volume were everywhere the same as at M, 
each layer would be crowded forward by the same amount on the 
next, and the displacement curve would be represented by FT, 
the tangent at F. Now the original volume of the air between 
M and L was MLxl^ But M is moved forward MF, and L 
is moved forward LT, or M gains on L by FS. Hence the 
change of volume in ML is FS x l^ and the diange per volume 1 
. FS FS 



ML^'^'ST* 



We may therefore put — 



1? PS , « TV 



(1.) 




Fn. ll.~I>rapIaoement Carre for a longitadinal distarbanoe, all the ordinatet 
beiog smalL TP, TQ, taDgentB at neighboaring points P, Q. 

Sdation between Particle Velocity and Pressure Excess.— 

There is an important relation between the velocity of a particle 
and the excess ofpressure to which it is subjected, which we shall 
use in Chapter VII. as well as here. Denoting by u^ the velocity 
of the particle of air at N, the displacement due to this velocity 
would evidently change from QN to TL or by TV, while the 
disturbance pa^ed over LN, i^.y in the time LN/U. 



Then 



TV = tt,. 



LN 
U 



or 



Similarly 



U LN VQ E 









(2.) 
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.— Tlie wiocitT of tbe particle at N 
tt%mn Sy to ■■ «Uk the dirfnri,Mn ee traTds cyver MN, 
mtneMSr. Hi 



MX MN 

U 

"^ Tin" ^^) 

The foftae oo the cl em en t of lem^ MN and cross section 1' is 

DiTiding this br the mas ^ MN i^e may equate to the aooeleia- 
tion (S) and we hare 

p.MN ^ E' MN 



•«* i:«=?fi^x.^^). . . . (4.) 

If X=0 at erenr point, that is, if there is no external force, 
and if the internal {nessure changes are proportional to the 
volume changes, so that £ is constant, 

P 
""^ D=./- (6.) 

If, then, we once start longitudinal waves of the kind supposed, 
with the velocity given by (5) they will be propagated undbanged 
with that velocity.^ 

Newton's Value of U.— The result U= n/E/p was first ob- 
tained by Newton.^ In working it out, he assumed — 

increase of pressure/original pressure » 
decrease of volume/original volume. 

This is equivalent to Boyle^s law. For, according to that law, 
if P, V are the original pressure and volume, and P+j», V— z? 
their new values : 

PV = (P + pXV-t;) 
-PV+pV-Pt;-p». 

^ If the pressure changefi are too considerable to justify the assumption 
that they are proportional to the volume chants, we may regard the variation 
from proportionality as an external force represented by X. Thus, in a wave of 
very considerable displacement and pressure excess, it can be shown that the 
parts of the wave in which u is positive, travel with a velocity greater than U, 
while the parts in which u is negative travel with a velocity less than 17. See 
Acoustics, Bnoye, BriL, 10th ed., xxv., p. 48. 

* Prinoipia, Bk. ii. sect. 8, Props. 47 and 49. 
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N^lecting pv as the product of two exceedingly small quanti- 
ties, we have 

whence 

V 

Using this value, Newton, with the data at his command, 
found 

U = 979 ft./8ec 

If we take the atmospheric pressure as 1,016,000 dynes/sq. 
cm., and the density of the air at that pressure as '001S93, we 
obtain the value of U at 0** C, which we aenote by U© as 

Uo = 28,000 cm./sec, say 920 ft/sec. 

the difference between 979 and 920 being due to Newton^s imperfect 
data. 

Now direct experiment gives U = 33,000 cm./sec. (nearly), 
say 1080 ft./8ec, a value greater by about ^. The discrepancy, 
according to Newton, was about ^. Newton sought to explain 
the discrepancy by supposing that the molecules occupied about 
i of the linear distance traversed, and that the sound passed 
instantly through these, only taking time to go through the inter- 
spaces. He also supposed that zae vapour present in the air, 
which he took as x\ of the whole, had no part in the motion, and 
thus he arrived at a value 114^ ft./sec. There was, however, 
no justification whatever for either of these suppositions. 

Laplace's Correction.— It was not till 1816 that the source of 
error was detected, when Laplace pointed out that the elasticity 
was not to be found from Boyle'^s law. In sound-waves the com- 
pressions and rarefactions take place in such quick succession that 
there is not time to share with tne surroundings the heat developed 
by the compression or the cold developed by the rarefaction. 
Now Boyle''s law would only hold if the temperature remained 
uniform, and this would require the changes of pressure to be 
made so slowly that changes of temperature would be prevented 
by conduction and radiation to or from the surrounding air. The 
result of rise of temperature in compression is that a greater 
increase must be given to the pressure K)r a given volume decrease 
than when the temperature is constant. Similarly, a fall of 
temperature in rare&ction requires a larger decrease of pressure 
for a given extension, and so the elasticity is greater in both cases. 
Laplace supposed that the changes occur in such rapid succession 
that there is no sensible passage of heat into or out of the waves. 
Perhaps a better statement of the condition is that the temperature 
slope IS so small that no appreciable fraction of the temperature 
dinerence is removed by conduction or radiation while a single 
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wave is passing. The changes are then adiabatic, and the relation 
between pressure and volume for a gas is given by 

PV = constant, 

where 7 is the ratio Specific Heat at constant pressure / Specific 
Heat at constant volume. From this law it can easily be shown 
that 

P ^ 
i(p and v are very small ; whence the adiabatic elasticity 

a result which is in accordance with the general rule 

Adiabatic elasticity « y . Isothermal elasticity. 

Various experimental determinations of 7 have been made,^ 
and the value for air is certainly not far from 1*40. Using this 
value in 

we get Uo = 83,170 cm ./sec. approximately, which agrees very closely 
with the best experimental aeterminations described below. 

This agreement appears to justify Laplaoe^s supposition that 
the changes of volume are adiabatic, and this supposition has been 
entirely verified by Stokes, who has shown that the elasticity must 
either be the isotliermal one used by Newton or the adiabatic one 
used bv Laplace. With any intennediate condition there would 
be dissipation of enei^*, sucb that the waves would die away with 
extreme rapidity. This dissipation may be illustrated by con- 
sidering the case of a cylinder containing air and closed by a 
piston working quite snuwthly in the cylinder. If the piston is 
projected in one direction^ it will oscillate to and fro, alternately 
compressing and rarvfying the air. If the time of osoUation is so 
great that no temperature ohanjjes occur, there will always be the 
same pressure on tiio piston in the same position, and t&e oscilla- 
tion will ci>ntinue without dissi^vition of its energy. If the time 
of oscillation is $0 small that the changes are adiabatic, the 
pn»f^un?$ will again Ik' doAuito in definite positions, though not 
tke sanK" a^ in tho previous ca^« and there will again be no dissi- 

Sation. Rut if tho changes aTv neither adiabatic nor isothermal, 
nnnir a given i\^mprw5Mon s\Mne of the heat will leak away, and 
tbere^oTv, duriixg tlu> follox^ing oxtx^nskm, the temperature of the 
an- at a giwn t\>huno will Iv lowvr than it was for the same 
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volume during the compression ; the pressure against the piston 
will be less, and the whole of the kinetic energy given up by the 
piston in compression will not be restored in extension. In fact, 
the energy has been dissipated by conduction from a higher to 
a lower temperature. It may be pointed out that there is also 
conduction of heat in the isothermal change, but as this is between 
bodies at practically the same temperature, there is no appreciable 
dissipation of ener^. 

The Change cS'^yelocity U with Change of Temperature.— 

K we assume the equation which is approximately true for gases — 

P = icp(l+a/), 

where ic is a constant for the same gas and a =.00867 at t^ C, 
we get 

U- VyP/p - VyK(l + at). 

If<=O^C., 
whence, in general, 

u-Uo^/lT;s; 

If Ms small, this becomes 



".('*!) 



= Uo(l + . 00184^). 

For dry air this is, in centimetres per second, 

33,170 + 6U 



It is evident from this result that the velocity depends on the 
temperature and not on the pressure of the air, so long as the 
constitution is the same. Of course, if p varies for the same values 
of P and ty then U will be affected. If, for instance, the humidity 
increases, p diminishes and U increases. 

Application of the Formula to Liquids. — Since the onl^ 
assumption made in the investigation on which the formula is 
based is that the waves are of the longitudinal tjrpe, we may apply 
the result to liquids as well as gases, and we obtain 



where E^ is the adiabatic elasticity. 

Direct experiment ^ves us the isothermal elasticity E^ and 
here also E^/E^ =» icp]fc^ where k^ and k^ are the specific heats 
respectively at constant pressure and constant volume. For 
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liquids, however, the relation between k^ and k^ is not so simple 
as for gases, but we have, in mechanical units (see Heed), 

where a is the co-efficient of volume increase, V is the volume of 
unit mass, and is the absolute temperature. 

In the case of water, we know all the quantities a, V and 
E<,. Thus, according to Grassi,! at 4% E,=203xl0i^; and at 
15% E, = 2-28 X \0^^. But at 4% a = /. k^ = k^ and 





U- 


^E,/p, = 142,500 cin./sec.; 


At 15% 




a =00016, 
V = l, 
e = 288, 


whence 




'^^—^•^ -00395 


and 







-?= 1-004 (approx.), 

U = 149,600 cm./sec. 

The most trustworthy experiments yet made (see below, p. 80) 
give us the velocity of sound in water at 8-1® C. — 

143,500 cm./sec. 
This is as close an agreement as could be expected. 

Determinations of the Velocity of Sound by Direct 

Experiment. 

We shall now give a brief account of some of the more in- 
teresting and important experiments which have been made to 
determine the velocity of sound in air. 

Corrections to Dry Air at 0° C. — As the velocity is not fixed, 
but is dependent on qualities which are continually vfiu:ying, it has 
been usual, in all but the earlier experiments, to observe me state 
of the air as to humidity and temperature, and hence from the 
observed velocity to calculate the velocity in dry air at 0**, 
assuming 

Thus if po is the density of dry air at P and 0"*, while p is the 
density of the air at the time of the experiment 



Uo= Jy^lPo> 



whence Uo/U= Jpjpo 



and Uo = U Vp/Po- 

^ Violle, Court de Phytique, L p. 525. 
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Effect of Wind— Derham'a Experiments.— The velocity calcu- 
lated is that relative to a starting-point in the air itself, and Is 
only relative to a point fixed on the surface of the earth when 
the air ia at rest. When the air is moving, the waves are can-ied 
with it, and the velocity relative to the surface of the earth— the 
velocity observed — is the resultant of the velocity relalive to the 
air ana the velocity of the wind. 

The effect of wind was first estahlishcil hy a long series of 
experiments by Derham at the beginning of the 18th century on 
the time taken by the report of a cannon 6red on Blackheath to 
reach the tower of Upminster Church in Essex, a distance of 12J 
miles across the Thames, ITie time taken hy the flash to travel 
over this length being negligible, the interval between flash and 
report was that taken by tne sound. The interval varieil between 
5oJ and 63 seconds, acconling as the wind and sound travelled 
in the same or in opjwaite directions. Derham obtained as the 
velocity of sound 1142 ft./sec' Believing that temperature and 
humidity were without effect, he did not record these. 




no. ii— Velocity of Sound in Wind. AC, Telocity of wind. 
CB = Cff = D, AB, AB', Telocitiei of lound in dirootian* 
AB, AB'. 

Method of Oorreetion by "Reciprocal" Observations.— In 
most of the later esperiments the time of passage of the sound 
between two points has been taken in both directions, and, by 
taking the mean, the effect of wind has been to a great extent 
eliminated. For let B'AB, Fig. 12, represent the direction of the 
line joining the two points, and let AC = r, making 6 with AB, 
represent the velocity of the wind. Draw CB = CB'=U, the 
velocity of sound in still air. '^Then AB, AB' will represent the 
velocities of the sound in the two opposite directions respectivelv. 

If we denote them by Vj and V^, drawing CD perpendicular 
toBB'- 

V, = BD + AD 
V, = BD-AD. 

But ___^__^ 

BD= JBC-CD'= yu» - v^ sin* $ 
and 

AD = r cos ft 

' Phil. Tram., 1708 ; Hutton, v. p. 33a 
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Expanding and neglecting powers of v/U above the second 

Vi-U(,l+-U 2U5-J 

If Tj and T^ are the times of passage over the distance L 
between the two points, and T their mean : 

T =i. T - — 



^^T^ + Ty 



L/1 1\ 



2U 



Kvcosd t;» sin2 6 \'^ / p cos g t?« sin* g \-' ) 



or 



Probably == ^^ never more than ^^ in ^^ weather selected for 
experiments, so that y^ is negligible, and therefore U = =. 

This, of course, assumes that the wind is constant during the 
two opposite passages. No doubt there are variations in reality, 
and their effect can only be eliminated by repetition. 

Experiments of 1738.— In 1788 a commission of the French 
Academy of Sciences made experiments between Montmartre and 
Montlhery, a distance of 17 or 18 miles, observers being stationed 
at the Observatory of Paris and the Chdteau de Lay, which were 
in the line joining the extreme points. Ccmnons were fired at half- 
hour intervals alternately at Uie two ends of the Une, and the 
intervals between flash and report were noted by the observers at 
the various stations. Though the sound was not always transmitted 
all the way, data were obtained which gave as the actual velocity 
in modem measure : 

U = 337 met/sec. 

The temperature was about 6** C, whence 

Uo = 332 m./sec. 

The Experiments of 1822. — After Laplace had pointed out 
the source of error in Newton''s calculations, a Commission was 
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appointed by the Bureau des Longitudes whicJi experimented 
again on the outskirts of Paris, between Montlheiy and Villejuif, 
a distance of about 11 miles. Reciprocal cannon-firing was used, 
but at intervals of only five minutes, and chrononietera replaced 
the pendulum clocks of the first experiment. At 15'9" C. the result 
was U = 3409 m./sec., whence 



The Experiments of Moll and Van Beck.— In 1823 these 
observers made a determination of the velocity over a distance 
of 17,000 metres between Levenboompjes and Kooljesberg, near 
Utrecht, i-educing the interval between firing at the two ends to 
one second. They found 

Uo = 333-8 m./sec 

Experiments at Different Levels. — In 1823 Stampfer and 
Myrbach made determinations between two stations in the Tyrol 
differing in level by 136i metres. In 1844 Bravais and Martin 
experimented between two stations on the Faulhom differing in 
level by 2079 metres. Both pairs of observers found : 

Uo-332-4 m./sec 

These experiments are interesting io that they fully confirm 
the result of the calculation that the velocity is independent of 
pressure. 

Experiments at Very Low Temperatures, — Determinations 
have been made in Arctic expeditions at temperatures below the 
freezing-point. Thus in Parry's thii-d voyage the velocity was 
determined at temperatures ranging from — 38"5° F, to —7° F., 
and again at 33-5" and 35°. 

From the actual results (see Airv's Sound) the velocity at 
0" F, would be about 1050 fl./sec., ana the temperature correction 
about 1 ft./sec. per degree F. This agrees fairly with calculation. 

A large number of observations were made by Greely ' at 
temperatm-es between —10° and —45° C, giving in m./sec. 

u = 333 + -e;, 

which agrees very closely with the formula of p. 21. 

Stone's Experiments. — In 1871 a detenniimtion was made 
by Mr. Stone at Cape Town.* Two observers were stationed, 
one at a distance of 6+1 feet from the one-o'clock time-gun at 
Port Elizabeth, the other at the Observatory, 15,449 feet away. 
On hearing the report, these observers gave electric signals recorded 
on the chronograph at the Observatory. As there was no re- 
ciprocal firing, the wind velocity was measured and allowed for. 



t. p. 507. 



' /Kd., 18T2, xliu. p. 153. 
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The time taken by the electric signals bein^ negligible, the time 
between the records on the chrono^aph should have given the time 
taken by the sound to travel the distance between the observers. 

But the chronogi-aph records were now corrected on account 
of "personal equation.^ Every observer takes a neater or less 
time to record any event which he observes, and the interval 
between the actual time at which the event, as it were, reaches 
him, and the time at which he records it, is termed his personal 
equation. If, in the experiments at Cape town, the observers had 
had exactly equal personal equations, the recorded would have 
been equal to the true interval ; or if they had had unequal but 
constant personal equations, the effect might have been eliminated 
by interchanging the observers. But in all probability the personal 
equation varies with the same observer, depending, among other 
conditions, on the intensity of the sound, being greater for faint than 
for loud sounds. In order, then, to eliminate the effect, a subsidiary 
experiment was made, in which a gun was fired 1488 feet from 
the Observatory, and 162 feet from the first observer, the loudness 
for each observer being estimated as equal to that of the time-gun 
in the main experiment. The time taken by the sound to travel 
over so short a distance could be calculated n:om that over the ten 
times greater distance without considering the personal equation 
effect, which would be reduced to iV^^i ^^^ would, therefore, 
have a negligible effect. 

The recorded interval was greater than that calculated by 
'09 sec, and therefore '09 sec. was subtracted from the intervals 
recorded from the longer distance, as the excess of the personal 
equation of one observer over that of the other. It is interesting 
to note that when the observers were interchanged in the sub- 
sidiary experiment the error was *02 only, but still in the same 
direction, tending to show that the farther observer had always 
the larger equation, but that one had a greater equation than the 
other at this distance. The final value obtained by Stone was : 

Uo = 1090-6 ft/sec 
or 

332-4 m./sec. 

Regnault's Experiments. — Before Stone had shown the 

Practical importance of the personal equation, Begnault had 
evised and carried out a method in which the sound-wave was 
made to give its own record by mecms of electric signals.^ He 
determined the velocity not only in the open air, but also in 
pipes of various diameters. 

ITie open-air experiments were made in 1864 at the Polygone 
de Satory near Versailles over two distances, respectively S445 and 
1^0 metres. The source of sound was a gun, and reciprocal firing 

^ PhiL Mag.^ 1868, xxxv. p. 161. 
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was adopted. To record the instant of firing, a wire forming part 
of an electric circuit was stretched across the muzzle of the gun. 
This was broken by the explosion, and the interruption in the 
circuit was recorded on the revolving drum of a chronograph. 

At the distant station the sound-wave was received by a wide 
cone fixed on to a cylinder, closed at the farther end by a thin 
india-rubber membrane. When the wave impinged on the mem- 
brane, it was driven forward and an electric circuit was broken, 
the interruption being recorded on the chronograph, on which the 
firing had already been marked. 

At first it might appear that personal equation was thus 
eliminated, but in fact tne membrane has as much a personal 
equation as an animate observer. For it will take some time to 
acquire energy from the wave, and inevitably there will be delay in 
responding to the sound. Regnault sought to measure and allow 
for this dday by special experiments. 

The values for the velocity given by the mean of a great 
number of experiments were — 

Over 1280 metres, Uo = 331-37 m./sec 
„ 2445 „ Uo = 330-7 m./sec 

This falling ofi^ in velocity with increase of distance is in agree- 
ment with various other experiments, all tending to show that 
the velocity is greater with greater intensity, and that it only 
tends to a lower limit as the intensity diminishes. K we suppose 
that the sound travels over the 1165 metres between the 1280 
and 2445 metres from the source, with the limiting velocity, 
we find 

^0= 2445^^^1280 =^^^'^°"/^"^ 



330-7 331-37 

In the years 1862-66 Regnault employed the same method in a 
very extensive series of researches on the propagation of sound in 
tubes, using water and gas pipes and tubes set up in his laboratory 
of various lengths up to 49(90 metres, and various diameters from 
1'08 decimetres to I'l metres.^ In the longer tubes, intermediate 
receiving stations were sometimes used, and in all cases the wave 
could be followed through several passages to and iro in the pipe 
after reflection at the ends. The receiving drum now made an 
electric circuit, instead of breaking it as in the open-air experi- 
ments. The drum had, unfortunately, a personal equation, in- 
creasing as the sound grew more faint; and thougn this was 
allowed for, it is to be feared that its effect was not wholly 
eliminated, and that Regnaulfs results are slightly under the 
true value. 

^ Violle, Court de Phytique, U. A. p. 64. 
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DifTerent sources of sound were used, induding a pistol with 
varying charges, an explosion of a mixture of oxygen and hydro- 
in, and musical instruments. In all cases temperature and 
Lumidity were observed and allowed for. The following results 
were obtained : — 

1. The velocity decreases with decreasing intensity, tending 
towards a lower limit for very feeble sounds. Thus tne velocity 
of the wave from a char^ of 1 gramme of powder in the widest 
tube sank from 354*16 to 830-52 m./sec. as it travelled to 
and fro. 

2. The velocity increases with the diameter, tending to a limit 
with very wide tubes. Thus, in the tube '108 metre in diameter, 
it is 324'25 m./sec., and in that 1*1 metres in diameter it is 330*3 
m./sec. This agrees with a formula found by v. Helmholtz, and 
afterwards modified by Earchoff,^ according to which the velocity 
should be 



^-^^-^J!^) 



where U© is the open-air velocity, 

D . . . diameter, 

N . . . frequency of the note sounded, 
and c a constant, liaving different values according to the 
two investigators. 

3. The limiting velocity is the same for all sources. 

4. The velocity is independent of the pressure. Thus in the 
laboratory experiments the same value was obtained with pressures 
varying from 247 mm. to 1267 mm. 

Regnault gave, as the final result of his experiments, the value 
for a feeble sound in an infinitely wide tube 

Ul, = 330-6 m./sec. 

Experiments were also made on the velocity of sound in different 
gases by means of the tube set up in the laboratory. According 
to our calculation, the ratio of the velocities U, U' in two gases 
of densities /9, p' at the same temperature and pressure should be 



U'/U = ^p/p'. 
Regnault found, taking U as the velocity in air 

U'/U Mp' 

Hydrogen .... 3801 3-682 

Carbon dioxide . . . . < o-8009 i ^'^^^"^ 

Nitrogen 08007 0*8100 

Ammonia 1*2279 13025 

^ Rayleigh's Tfieory of Sound, vol ii. §§ 849, 850. 
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The first two nuiitlters were obtained from a tube more than 
500 metres long, and the gas was perhaps not maintained pure 
in such a length. In the others, the length was 70 metres. 

Other Experiments showing Vaxiation of Velocity with 
Intensity. — Violle and Vautier* working with a tube '7 metre in 
diameter, and using Regnault's apparatus with certain improve- 
ments, obtained results agreeing with the formula 

Vel. = U<,(l-C^P), 

where P is the mean variation from the normal pressure in a wave, 
and C a constant. They found the same velocity for different 
notes, perhaps because the tube was wide, Jacques, experimenting 
at Watertown, Mass.,* has shown that when a cannon is the source 
of sound, the velocity varies in different directions round it. He 
used membranes as receivers, recording on a chronograph, and 
found that "immediately in the rear of the cannon the velocity 
was less than at a distance, but that going farther and farther 
from the cannon the velocity of sound rose to a mojiimum con- 
siderahly above the ordinary velocity, and then Jill gradually to 
about the velocity ii«uaUy received." Thus, with a charge of IJ lbs. 
of powder, the velocity rose from 1076 ft./sec. at 10 to 30 feet 
in the rear to a maximum of 1267 fl./sec. at 70 to 90 feet in 
the rear and then fell off. 

Perhaps, owing to the fact that the intensity, and therefore 
the velocity, in front and at the sides is much greater than at the 
back, the wave-surface will have at Hrst a kind of dimple at the 
back. This may be of such form that it fills in, as it were, from 
the sides, and ultimately disappears. By drawing successive 
positions of the wave-surface, it will be seen how the results 
observed by Jacques are pi-obably explained. 

The &akatoa Eraption. — A very remarkable example of 
sound-waves on a gigantic scale was given by the Krakatoa 
eruption on August 26-27, 1883.* This was accompanied by 
a series of explosions, culminating in a tremendous outburst on 
the morning of August 27, when a large part of a mountain was 
blown up into the air. The sounds were heard over an area 
estimated at one- thirteenth of the earth's surface, and at more 
than 2000 miles away they were like the firing of heavy guns. 
The wave due to the chief explosion as it travelled round the 
elohe affected all the barometers and left a very noticeable trace 
m the self-recording instruments. By a carefiJ examination of 
these records, it was found that the wave travelled at about 700 
miles per hour {the velocity of sound at 0°F. is 723 miles per 
hour); that it culminated at the si<le of the earth opposite to 

' PhiL Mag., 1888, int. p. 77. 
» PkS. Mag., 1879. »ii. p. 219. 
' "The Eraption of &aktttoa," Royal Society Report; A'ohi-e, toI. iixvliL 
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Erakatoa in 18 hours ; that it then api-cad out again, culmiuated 
again, and so on, the trace not being entirelj- lost for 127 
hours. 

Velocity of Sound in Water.— In 1826, MM. Colladon and 
Sturm determined the velocity of sound in Lake Geneva. The 
source was a bell struck by a lever about a metre below the 
surface. By the same blow some gunpowder was ignited, giving 
a flash which could be seen at the distant station, as the experi- 
ments were made at night. The sound was received by a kind 
of ear-trumpet — a tin tube about 3 metres long. The lower end, 
2 decimetres in diameter, waa closed and plunged under water, 
and the upper end was applied to the ear of the observer. The 
stroke of the bell could Be heard even across the lake, a distance 
of 14,000 metres or 9 miles. The interval between Hash and 
sound was registered on a quarter-second stop-watch, and the 
mean velocity found from a number of determinations was 1435 
per second, the mean temperature of the water being estimated 

ats-rc. 

Velocity of Waves from Exploaiona in Water. — Messrs. 
ThrelfaJl and Adair have shown ' that the velocity of a wave 
sent out by an explosion in sea - water increases very greatly 
with the intensity of the explosion. Various charges of gun- 
cotton were fired under water in the harbour of Port Jackson, 
Australia, and the time taken by the wave to travel 150 or 180 
metres was measured. The charge was fired by an electric current, 
which gave a signal recorded on a pendulum chronograph, and 
the receiver was an india-rubber diaphragm several feet under 
water, so arranged that on disturbance it completed an electric 
circuit recording on the chronograph. The calculated velocity of 
sound was about 1500 metres per second ; the observed velocity 
of the explosion -wave rose from 1732 met./sec, with 9 oz. of gun- 
cotton to 2013 met./sec. with 64 oz. 

Velocity of Sound in Isotropic Solids.— Several kinds of 
waves are possible in solid bodies. In solids extended in every 
direction we may have waves of longitudinal disturbance pro- 
pagated with velocity — 

where k is the bulk modulus of elasticity and n the rigidity ; and 
we may have waves of transverse disturbance propagated with 

velocity — 

U= Jmp. 

The former would probably be tenned sound-waves, if the subject 
were experimentally studied; but at present we may say that it 
has a theoretical interest only. 

' Froc. Royal Somtly, 1889, xlvl. p. 496. 
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In cords and thin bars we may have waves of longitudinal 
disturbance accompanied by lateral shrinkage or expansion, pro- 
pagated with velocity — 



where Y is Young'^i modulus, and is 

= 9n«/(3« + ft). 

As the thickness becomes considerable, we may also have 
transverse waves, depending on the elasticity of the material 
only, and torsional or twist waves. All these have been studied 
eaperi men tally (see p. 126), 

Indirect Measures of the Velocity of Sound by Rods and 

Pipes. — The velocity in tubes containing gases, and the velocity 
in solid rods and wires, may be determined indirectly by the 
notes emitted by given lengths. We shall give some account 
of the methods employed when we discuss the vibrations in pipes 
and rods (Chapters VII. and VIII.). 



Reflection of Sound. 

Examples of the reflection of sound in the form of echo are 
well known to every one, and they can always be readily explained 
by the presence of some reflecting surface, such as a hillside, 
a rock, or a wood. Certain echoes present peculiarities, which 
are doubtless to be referred to the nature and position of the 
reflecting surface. Souietimes, for instance, the quality of the 
reflected sound differs from that incident on the surface, a shout 
in a particular note coming back apparently an octave higher. 
The octave was present in the shout, but was masked by the 
predominant funtlamental note. But probably the irregularities 
of the surface were comparable with the wave-length of tlie lower 
note and destroyed it or diffused it, while they were large com- 
pared with the wave-length of the higher note, and so it could be 
reflected from each of them. 

In many rooms a particular note is echoed to and fi-o for a very 
appreciable time, more especially if the source is at a particular 
point. This is probably due to some relation between the 
dimensions of the room and the wave-length of the note, which 
is, perhaps, one of the upper partiais of the room (Chap. VII. 
p. 120). 

Frequently, a sharp sound, such as the clapping of the hands 
or of two boai'ds together, is reflected in a room or a corridor with 
smooth, parallel walls as a more or less musical sound. Here the 
successive reflections reach the ear at definite intervals sufficiently 
near together to give a musical note. 
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Musical Echo from Palisading. — ^A similar effect is often 
observed when one is walking near palisading, each footstep of 
the observer being followed by a musical ring. The effect is only 
noted after some sudden sound, and may often be heard very 
distinctly on clapping the hands or on knocking two stones 
together. Let ttie vertical lines 1-8, fig. IS a, represent the 
bars of the palisading. Suppose that an observer on the right 
has sent a very short wave, conventionally represented by a 
narrow arch, from right to left. As this passes ^ich bar, a wave 
is sent out fh)m the oar backwards. If at the instant chosen for 
the figure, the outgoing wave has just passed the last bar on the 
left. No. 8 (the outgoing wave is not shown), the reflected waves 
will be in the positions r^, r^ . • . r^, the suffix denoting the bar 
from which renection has occurred. These will form an equi- 
distant series with weU-marked periodicity, and the observer will 
hear a musical note. In the line of the palisades the distance 



l^ifhi^l^hnnn 
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Fia 18. — Reflection of a Single Ware from Pftliaading. tu abort wave, forming a reflected leriei 
giving a mnsical note ; h, long ware, forming a reflected eeriee OTerlapping and withoat marked 
periodicity. 1-8 bars reflecting ware wbicb bas passed to tbe left of S. ri » , . r^ sariea of reflected 
wares. Bars omitted in 6. 

between the successive waves is twice the distance between the 
bars, for while the incident wave moves forward, say from bar 7 
to bar 8, the wave reflected from bar 7 moves back to bar 6, and 
the distance between r^ and r^ is two bars. Hence the wave- 
length is 21^ where / is the distance between the bars, and if n is the 
frequency of the note heard, 2n/=U, where U is the velocity of 
sound. It is worthy of special notice that the frequency of the 
note heard depends on the positions of the source and observer. 
Thus, with a source in the line of the palisading and an ob- 
server at right angles to that line, the note wiD be one octave 
higher. 

If the incident wave is long, such as may be represented by 
a flat, wide arch, the reflections will be as in Fig. IS 6. The 
reflected waves will then overlap, and the periodicity wiU not be 
sufiiciently defined to give an audible musical note. 

Whispering Galleries. — Another very ciuious instance of the 
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reflection of sound is given by whispering galleries, such as the well- 
known circular gallery in the dome of St. Paul's, where a whisper 
is transmitted round the surface of the gallery, so as to be perfectly 
audible all round near the wall. Lord 
Itayleigh explains this as chiefly due 
to a continued reflection of the sound 
at the surface. Let S, Fig. 14, be the 
source of sound. Borrowing a useful 
tenn from optics, a "ray" of sound 
sent out along SP will be reflected so 
as to travel round in a series of equal 
chords, all toucliing the circle with 
radius ON, where N is the foot of the 
perpendicular from O on PSF. IfQSy' 
be the otlier tangent from S to this 
circle, a ray of sound sent out along 
SO will also travel round in a series of 

,,..,.., . , ondras. All aouna »enc oui do- 

e<]ual chords touching the same circle. ^^^^ gp ^^j gg j^,,], roaad 
Intermediate rays will form shorter miUide tha airde toucbiog tbem. 
chords, and will therefore travel round 

wider circles. Hence all the sound sent out between SP and 
SQ travels round outside the circle with radius ON ; the lateral 
spreading is largely prevented, and the intensity remains sufficient 
to render the sound audible ail round. 
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Wind-Refraction. — It is a common observation that sound 
carries better with the wind than against it. Bells, trains, and 
other notable sources are often heard when the wind is from their 
direction, though they may be quite inaudible at other times. 
The explanation of this fact was given by Stokes, who pointed out 
that the difierential movement of the air in wind would produce 
the observed effect. 

Let Ad Bu (Fig, 16) represent the section of a wave-front — i.e. 
a surface in which the disturbance all started from the source at 
the same instant, and let us suppose that this wave-front at the 
given instant is vertical and is travelling horizontally. Let Aj B,, 
A, B^, &c,, represent successive positions of the same wave-front 
afier ctjual intervals of time, when the air is quite still. 

If tne wind is blowing with the sound, then the velocity of the 
wind must be added to that of the sound. But the upper layers 
of air move more quickly than the lower, so that the upper parts 
of the wave travel more (luickly than the lower, and the wave- 
front turns downwards, as shown in Fig. 15, a. There is, therefore, 
a condensation of the sound along the surface of the earth, and a 
listener at O has much more chance of hearing. 

If, on the other hand, the wind is blowing against the sound. 



84 



THE VELOCITY OF SOUND. 



its velocity must be subtracted. Then, as in Fig. 15, 6, the lower 
parts of tiie wave travel more rapidly than the upper parts, the 
wave-front turns upwards, and the sound tends to go into the 
upper air, and there is a thinning off near the surface, so that a 
listener at O has much less chance of hearing. 
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Refiraotion by Air of Varjring Temperature.— Reynolds * 

han nIiowu that there is another kind of sound-refraction, due to 
variiiiioii of tem|)erature at different altitudes. If the temperature 
wont th(3 name at all levels, then the velocity of sound would be the 
niiiiu) at fill lovcU, since it is independent of the pressure. But if, 
an in aInioMt always the case, the temperature varies, the velocity 
varioM with it by about -riir^^ ^^ ^^^ whole amount per 1^ C. 

> /Voe. /?oy Soe., xxiL p. 531, 1874. 
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Usually in the daytime there is a fall of teinijemture as we go 
upn-ards, and the velocity is therefore greatest near the ground ; 
the effect is like that represented in Fig. 15, b, the waves turning 
upwards. The sounds thin out along the ground and are concen- 
trated overhead, where there is no observer to note them. If the 
temperature rises upwards, the effect is the reverse, like that 
represented in Fig. 15, a; the waves turning down, so that the 
sounds are heard more plainly along the ground. This often 
happens about sunset, when the air below cools more rapidly than 
that above, and ultimately becomes colder than the higher air, as 
is shown by the mists rising for a few feet. Then sounds carry 
along the level to very great distances. Probably every one is 
familiar with the clearness with which voices are heard across still 
water at dusk. On a frosty morning, too, after a very clear night, 
sounds carry exceedingly well for a similar reason. The contrary 
effect due to a lower temperature above, is very noticeable on a 
hot summer-day, when sounds carry only short distances along the 
level. But here the apparent stilling of the sound may be aided 
in another way. If the fall of temperature upwards is sufficiently 
rapid, the air becomes unstable and up-and-down convection 
currents are formed. The air is thus a heterogeneous mixture as 
regards temperature, and the waves of sound are being continually 
reflected and refracted at the surfaces separating the different cur- 
rents. The waves are not absorbed, but thev are broken up and 
spread out. Light is affected in a similar manner, and the state 
of the air may be recognised by the dimness of outline of distant 
objects. Tyndall has illustrated the effect of heterogeneity on 
sound by showing that the sound from a reed, which will ordinarily 
affect a sensitive ffame placed near it, will no longer do so when 
the hot gas rising from a number of burners is interposed. 

It is very probable that the long rolling of thunder from 
distant lightning is partly due to reflection and refraction at the 
surfaces separating masses of air in different conditions, the more 
or less sudden sound which we have from a near flash being 
gradually drawn out into a long roar as it travels on.^ 

Propagation of Sound throagh Fog. — Lord Kelvin has shown 
that the limiting condition of equilibrium of the air in a warm 
fog is reached when the rate of fall of temperature upwards is 
only about half that in the limiting condition of fog-free air. 
Hence foggy air is in a more homogeneous state than ordinary 
air, and we might expect it to carry sound well. This is entirely 
borne out by Tyndall's observations.* If, then, the roll of 
thunder is due to reflection by the clouds, it is not that they 
ai-e opaque to sound, but merely that they are in a different 
acoustic state from the surrounding air. 

' Probablj' the rolling is also partly due to the gain of tlia orests of intense 
waves on the troQghs mentioned in Note I, p. 19. The waves graduallv get 
steeper aad ateeper, anil perhaps ultimaitel]' break and spread aver a longer 
distance. ' Sound, Lecture vii. 



CHAPTER IIL 

FREQUENCY AND PITCH OP NOTES. 

Contents. — Methods of Determining Frequency of Vibration of Sources — 
Graphic Methods of Determining Vibrations — Stroboscopic Methods — 
Manometric Flames — Alteration of Pitch with Motion of Source or 
Observer — Musical Scale and Temperament. 

We shall now describe some of the various methods which have 
been devised to detennine the frequency or number of vibrations 
per second of a source emitting a note of given pitch, selecting 
methods which appear most important, either nistorically or 
practically. 

Oeneral Principle of Methods of Determination. — Usually 

a note nearly the same in pitch as that to be determined is 
sounded by some mechanism whose frequency can be counted. 
When the two notes are sufficiently near in frequency, the ex- 
perimenter hears ** beats,^ t.^. regular variations m the intensity 
of the sound, the number of beats per second being equal to the 
difference in the frequencies of the two notes (see p. 149). These 
l)oata enable experimenters without exact perceptions of pitch to 
say when the notes are near each other, and to determine their 
relation. Thus, if the known source has frequency fi, and if the fre- 
(1 uiMicy of the beats is 6, then the frequency to be determined is n ± 6, 
tlio sign to be decided by the circumstances of the experiment. 

Bavart's Toothed Wheels. — ^The simplest apparatus for the 
determination of pitch consists of a toothed wheel, which can be 
mpidlv rotntoil while a card or thin metal plate is held against 
the tiH'th. As each tooth passes, the cara is lifted and sends 
nut A wave, anil Uie succession of waves gives a musical note. 
Tlie ii|hhhI of rotation is adjusted by trials so that the note sounded 
U In iniUon with that to be determined, and then, maintaining 
lite fi|MHHi iHMintant, the number of revolutions N in time t is 
euniiliMl. If H in Uie number of teeth on the wheel, the frequency 

|liob|iok*B Blron. — Thi» consists of a plate, now usually of 
immIiiI (ilioMgh II U Ntill caIKhI the ^^ cardboard ^ siren), furnished 
Willi tMMKHMilrle elivular i*i>ws of equidistant holes, and mounted on 
Mil NlU wlileli ewn \w rapidly i\*volved (Fig. 6, p. 9). When the plate 
|« rtiViilvliiK HUllleieiitly iVpidly, a stream of air from a blower is 
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directed by a nozzle against one of the circles of holes. As 
each hole passes the nozzle, a puff of air rushes through and 
sends out a wave. The succession of waves produces a musical 
note, which must be tuned to the given note. This may be 
done more readily by fixing behind the rotating disc a " resonator,'' 
i^, a vessel shaped so as to sound the given note when blown into. 
The air in this is set vibrating sympathetically by the waves issuing 
through the holes, and sends out a loud and clear note when the 
disc is going at the right speed. If an attached counter shows N 
revolutions in t seconds, and if the holes in the circle are n in 
number, then the frequency of the note sounded is as witJi the 

toothed wheels v, ,^ 

Nil//. 

The instrument shown in Fig. 6 is a combination of Savart's and 
Seebeck's instruments. NeiUier would be now used for any exact 
experiment. 

Oagniard de la Tonr's Siren. — A common form of this in- 
strument is represented in Fig. 16. A small horizontal circular 
disc, ss, with a circular row of holes in it, is mounted on a vertical 
axis, so that it turns close to the top, but just clear of a hollow 
box. A, having a similar row of holes in its top cover. Air is 
blown into the box from a bellows, and when the holes in the 
disc coincide with those in the box, a puff issues through each. 
These separate puffs all coincide to give one big wave. Each 
time, therefore, that a hole in the disc moves one place on, a 
wave is sent out; and if n is the number of holes, and N the 
number of revolutions in t seconds, Nn/t is the frequency of the 
note sounded. A screw thread, ^, on the spindle turns the mechanism 
which counts N. By cutting the holes in the box and disc 
slanting in opposite ways, as shown in the section in the lower 
right-hand side of Fig. 16, taken through nn in the upper right- 
hand figure, the stream of air is made to drive the instrument as 
well as to give the note. This device was adopted by the inventor, 
and has been followed since by instrument- makers, but it detracts 
very much from the exactness of the instrument. With the air 
blast as motive power it is exceedingly difficult to maintain a 
constant speed, the tendency being to a gradual increase. 

The counter, too, in the ordinary arrangement with an im- 
pulse on the slow wheel after every revolution of the quick wheel, 
IS objectionable as making the running jerky. Helniholtz, who 
used a modified form of the instrument in his celebrated re- 
searches, drove it by an electric motor, and used the stream of air 
merely as a sound producer. No doubt this plan would be always 
followed, if the instrument were required for exact work, now 
that good electro motors are so easily obtained. 

As a matter of curiosity, we must mention the fact that the 
siren sounds under water if entirely immersed and driven by a 
stream of water. 
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Dove modified the instrument by having several circles of 
holes in the disc, any one of which can be used at will, HeJm- 
holtz' used a double siren with this modification, in which two 
discs were mounted on the same vertical spindle with one wind -chest 
below the lower disc, and the other above the upper disc. ITie 
upper wind-chest could be turned about the ajcis into any re- 
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. Wind-chest perforated <rith i circle of holw at the t«pi i, ratat 
perforated Kith ■□ cqaal oircfe of holes. The ilope of the liolas 
and diic is shonn in the lower H)i;ht-hand flguce, nhicb is a 
tnroQgb n n in lbs upper rigbt-band flgur*. 



quired position by means of a pinion gearing with a toothed 
wheel attached to the top of the chest. By this arrangement, if 
the two sirens were sounding the same note, the difference of 
phase could be made zero or anything desired by making the 
opening of the up(>cr holes coincide with those of the lower holes, 

' SenKitiont of Taae, Ut Eng. ed.. p. 243. 
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laking them lag behind by the proper amount. The air 
s produced by a stiff paper turbine attached to the dist;, 
Helmholtz succeeded in producing estremely constant notes with 
this siren, and with a good device for recording the number of 
revolutions in a given time, it would probably be as go<jd as any 
other instrument for the determination of absolute frequency. 

Scheibler's Tonometer,— This consists of a series of tuning- 
forks spread over an exact octave and ascending by equal steps in 
frequency from the lowest to the highest. The steps are so short 
that the beats between two consecutive forks can be easily counted. 
When the series is exactly adjusted the number of beats between 
all the consecutive pairs is the same. It is then easy to calculate 
the pitch of any one fork. For suppose that there are in all 
sixty-five forks, and that the lowest makes n vibrations per 
second ; the highest, being its octave, makes 2n vibrations per 
second. The adjustment of these two with each other directly is 
possible, since, for a reason to be given later (Chapter X., Com- 
bination Tones, p. 155), any inaccuracy in tuning would le«l to 
beats of frequency equal to the difference between Sn and the 
frec]ueucv of the higher fork. Let the steps in frequency of the 
intermediate forks be four per second, eacn adjusted exactly by 
means of the beats. This can be done, since four beats per 
second can be counted easily for a long time. Then the series 
of forks, which we may represent by 

12 3 4 64 

will have frequencies 

», b + 4,b + 2k4,» + 3x4 . . . . fi + 64x4 

Bat No. Gi has fi-equency %i. 

So that n+4«64 = ?n, 

= 256 ( 



Hence 



2» = 513 J 



Thus the frequency of every fork is known. 

The tonometer, though extremely troublesome to adjust, is, 
when once made, not only an exceedingly accurate, but also an 
exceedingly constant register of absolute frequency, for the physical 
properties of forks remain practically constant. Tlie effect of 
temperature change is the only variable element, and this is only 
slight, being, according to Al'Leod and Clarke, a decrease of 
frequency of about •00011 per 1° rise in temperature (see p. 129). 

Of coui-se, any other source of frequency within the range of 
the tonometer may be determined by counting its beating fre- 
quency with the fork nearest in pitch to it. If all the forks are 
available, it is easy to find whether the source is sharp or flat 
with regard to the nearest fork, and therefore whether the beats 
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are to be added to or subtracted from the frequency of the fork. 
For, if shai*p, it will beat more with the lower than with the 
higher neighbour of the given fork ; if flat, the reverse will hold. 
If there is only the one fork available, then either the firequency of 
the fork or that of the source must be slightly altered. In the 
case of the fork, this may be done by loading one prong with wax. 
The effect on the beats is obviously opposite in the two cases, re- 
ducing them if the source is flat, and increasing them if it is sharp. 
Appunn substituted free harmonium reeds for forks to form a 
tonometer, but with a loss of accuracy ; for Lord Rayleigh has 
shown that the consecutive reeds afiect each other^s frequencies, 
so that a reed has different frequencies when sounding with each 
of its two neighbours. He was thus able to explain certain dis- 
crepancies found by Ellis between the stated frequencies of some 
forks made by Koenig and these as determineid by the reed 
tonometer.^ 

Graphic Method of Determining Frequency. 

In this method either a vibrating source or a receiver affected by 
waves from it is made to write its vibrations on a prepared moving 
surface. The simplest device is illustrated by Fig. 17, where a 
light style affixed to one prong of a fork writes its vibrations on 
the suriace of a drum covered with smoked paper. 

To measure the number of vibrations in a given time, the 
fork and dinim may form part of the secondary circuit of an in- 
duction coil, and through the primary of this short currents may 
be sent by a clock, which makes the circuit at definite known 
intervals. Thei*e will then be a spark from the style to the drum, 
which will mark the paper at each signal, and the number of 
vibrations between two successive marks may be counted. Another 
method of marking known intervals consists in placing a second style 
level with the first and working it by the currents fixim the cIock. 

ITie source to be determined is to be sounded with the fork 
and the difference of frequencies determined by the beats. 

This arrangement of fork and drum is really more often used 
as a chronograph, i,e, as an instrument for measuring intervals of 
time, assuming the frequency of the fork to be known. For 
instance, suppose that it is desired to know the exact time of fall 
of a body tm*ough a certain height, it may be made to break a 
circuit at the start and again at the arrival at the lowest point. If 
this circuit is the primary of a coil, the interruptions of current may 
be made to give sparks from style to drum by including them in 
the secondary circuit; then, on counting the vibrations between the 
marks made on the drum by the sparks, the time of fall is known. 

Electric Maintenance of Tuning-forks. — ^For chronographic 

and other purposes it is often necessary to keep a fork, such as 

1 Nature, zviL 1877, p. 18. 
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that used with the revoh-ing drum, in vihration for a long time 
tc^ther. The general principle of electric niftiutenance will be, 
perhaps, most easily understood from a description of the motte of 
action of a fork used by Helmholtz, and represented diagram- 
matically in Fig. 18. 

If the fork is held in position, it "ill he seen that the circuit 
is completed through the upper prong of the fork, the mercury 
cup, and the electro- magnet coils. But the poles N. and S. tend 
to draw the prongs apart, and if the fork is released, they fly 
outwards ; contact is broken in tlie cup, and the poles" are 
demagnetised : the prongs fly back, make contact again, and ao 




on. During the outward motion of the prongs, the magnet 
is doing work on the fork, and during the inward motion the 
fork is doing work on the magnet. If these quantities of work were 
equal, on the whole no energy would be drawn from the electrical 
system, and the vibrations would die away. But for two reasons 
the former quantity of work is the greater, viz, (1) that the break 
of contact is delayed by the adhesion of the mercury to the 
platinum tip of the wire, while the make is delayed as the point 
does not at once break through the film; and (S) that the effect 
of self-induction is to delay the full magnetisation at make during 
the motion inwards, and to sustain the magnetisation by the 
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extra current at break during the motion outwards. The balance 
of work done by, over work done against the magnet is available 




Fio. 18.— Diagram of Helmholts's Eleotrically-maintained Taning-Fork, generally nsed aa 
an Interrupter. N S, adjustable pole-pieoes of an electro-magnet, excited by a current from 
batter}' B, which panes up through the mercury cup C, the wire w, and the upper prong of the 
fork book to the battery. The wire w just dips into the mercury, so that the circuit is broken 
when the electro-magnet is excited. 




Pia. 19. — Common Form of Electrically-maintained Fork. The wire w just touches the contact block 
6, when the electro-magnet N S is unexoited. If the wire w is remored, and an interrupted current of 
nearly the frequency of the fork is sent through the electro-magnet, the fork is kept in vibration with 
the frequency of the current. 



to supply the energy of sound radiated out by the fork and the 
energy dissipated against frictional and viscous forces. 

Another common form of electric maintenance is represented 
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by Fig. 19, where the electro-iiiagiiet is placed between the 

fn-ones, and the contact breaker is a platinum wire pressing 
ightly against an adjustable contact block. The self-induction 
is here again, doubtless, aided in increasing the balance of energv 
supplied over energy withdrawn, by the manner in which the wire 
makes contact. 

If the interrupted current from a fork, like either of those just 
described, be sent through the coil of an electro- magnet placed, as 
in Fig. 19, between the prongs of a fork of nearly the same period 
(the second fork now having no contact breaker), then this fork 
will be set in vibration, not m its own period, but in that of the 
interrupting fork ; and the nearer the two are in fretjuency, the 
greater is the vibration of the second fork. But it is not necessair 
that the second fork shall be nearly of the same frequency. It is sum- 
cient that it is very near to one of the multiples of the frequency 
of the interrupter. For, as we shall see in Chapter V., a vibration 
of given period may, in general, be regarded as a compound, made 
Up of a number of simple constituents or " harmonics ; " the first, 
of the actual period and fi-enuency ; the second, of half the period 
and twice the frequency ; trie third, of one-third the period and 
thrice the frequency ; and so on. If the dependent fork is very 
near in period to anv one of these harmonics which is prominent 
in the vibration of tlie interrupter, it will vibrate in the period of 
that harmonic. 

Stroboscopic Methods. — There is an old experiment in which 
a rapidly revolving wheel is miule to appear at rest, by viewing it 
only by intermittent fla.shes of light, so timed that during each 
interval of darkness one spoke moves exactly into the position 
of the next. If the wheel goes at rather less than this speed, it 
appears to U-avel slowly back ; and if at rather more, it appears 
to travel slowly fonvartl ; for, in the first case, each spoke just 
falls short of the position of the next for which it is mistaken, and 
in thesecond case itjuat exceeds it. ITiis principle has been adopted 
in several forms to deteniiine frequency. 

The Experiments of M'Leod and Olarke.'— The tuning- 
fork to be tested h fixed with its prongs (Fig. 20) between a 
revolving drum and a microscope. Lengthwise on the drum are 
ruled equidistant white lines, and an image of these is thrown, 
by a short focus lens, into a plane in which the fork is fixed. The 
image of the lines as interruptet! by the fork is viewed by the 
microscope. WTien both drum and fork are at rest, the appear- 
ance is as represented in Fig. 21, a. If the drum is now revolved, 
the right-hand side of the field will appear grey. If the fork 
is also set vibrating, and if the time of one vibration is just 
equal la the time takai bjf one line to maz'e tTito the place of 
the next, the division between the two parts of the field will 
appear waved, as in Fig. 21, b, for whenever a white line is in 
I Pha. Trani.. 188(1, tol. ITl, p. 1. 
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a g^ven position, the prong of the fork is in a deBnite position, 
and cuts off a definite part of it, — most when the prong is at one 
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rapid, the motion appears to be in the direction of rotation. 
The speed of the drum is under control, and a counter gives the 
total number of revolutions during a time exactly determined by 
electric signals from a pendulum. When the waves are quite 
stationai-y, the number of lines passing the centre of the field in 
any time is equal to the number of vibrations of the fork in the 
same time. If the waves are not stationnry, the number of waves 
parsing must be added or subtracted according to their direction 
of motion. 

Lord Rayleigh's Method.' — If two light metal plates are so 
fixed on to the ends of the prongs of a fork that at the extremity 
of the outward swing they just draw apart and leave a gap, an 
eye looking through the fjap will have a view really made up of a 
rapid succession of views, one for each vibration of the fork. IJy 
electric maintenance the awing may be kept of constant amplitude, 
so as to make the gap every swing. If the eye looks at a pendulum 
through the gap, the eye will see as many positions of the jiendu- 
lum as there are vibrations of tlie fork in one vibration of the 
pendulum. If the period of one is an exact multiple of that of 
the other, the positions will appear stationary ; but if the accord- 
ance is not exact, the position will appear to change slowly, 
moving forward if the [Pendulum gains, backward if it loses. 
This was adopted as the principle of a method devised by Lord 
Rayleigh to determine exactly the frequency of a certain fork 
marked as having frequency 128, the correctness of the marking 
being open to doubt. 

A fork of fret^uency about 125 was electrically maintained by 
an interrupter fork of frequency about 12J. On this last the thin 
metal plates were fixed to form the intermittent gap, and a 
seconds pendulum (making one complete vibration in two seconds), 
having an illuminated bead on it, was viewed through the gap ; 
there were, therefore, twenty-five positions of the bead. To enable 
one of these positions to be studied, a narrow vertical slit was fixed 
in front of it. The position of the bright spot at successive flashes 
appeared to move slowly back across the slit, showing that the 
pendulum lost on the fork. After a short time the bright spot 
disappeared altogether, and eightv seconds from its first appear- 
ance the next position had retreated so as to come into view. It 
passed across the slit, disappeared, and so on every eighty seconds. 
The fork, therefore, made one ntore than 80x 12j, or 1001 vibra- 
tions in eighty seconds. This gave a frequency of 12'5125. The 
dependent fork, having naturally very nearly ten times this fre- 
quency, was mode to vibrate 125-125 times per second. The fork 
to \k tested made with it 180 beats in sixty seconds, or three 
beats per second, whence its frequency was 128'1. A further 
development of the method is described in the PhUompkical 
Traniiaclions.* 

' iVoiure, iTil. p. 13. > Pt. i,, 18B3, p. 31ft 
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Koeui^s MaDOmetric Flames. — Manometric flames, or flame* 
shouing variations of pressure, are especially suitable for com- 
paring the relative frequencies of pipes. A manometric flame is 





arranged as shown in Fig. 22, a. The gas, on its way to a 
pinhole burner, passes through a small chamber closed on one side 
Dv a membrane three or four centimetres across. If there are 
rapid variations of pressure on the 
leu-hand side of the membrane, it 
moves in and out, and checks or aids 
the flow of gas to the burner. The 
flame is thus made variable, and 
j umps up and down with a frequeDcy 
the same as that of the membrane. 
If, fur instance, a note be sung into 
a mouthpiece connected with the left- 
hand compartment, the flame is 
affected. But in general the vibra- 
tions are too rapid to be seen sepa- 
rately, and the only direct indication 
of their existence consists in the 
peculiar drawn-out appearance of the flame, as shown in Fig. 23, 
whei-e a shows its shape with steady pressure and b its shape when 
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If the eye be rapidly carried past the flame. 
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its intermittent nature is at once revealeit by & jugf^ or toothed 
appearance. To show this properly, a cubical box (Fig. 22, m) with 
a plane mirror on each of its four vertical sides is rotated rapidly 
about its vertical axis, and the reflection is viewed in the mirrors. 
A band of light is then seen, continuous when the flame is con- 
tinuous, jagged or toothed (as in Fig. 24) when it is intermittent. 
This figure, given by Koenig, shows the effect of sounding vowels 
into the mouthpiece pitched on different notes. For comparing 
the frequencies of two pipes or other sources, two manometric 
flames may be placed close together, affected i-espectively by the 
two sources, ann their reflection compared, the number of teeth in 
the same distance on each being counted. 
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Lissajotis' Method of Comparing Forks. — 'lliis method con- 
sists in studying the curves formed by the composition of the two 
vibrations to be compared when they are arranged at right angles. 
We only mention it here as a possible method, but we shall 
describe it later (p. 77) when we have discussed the subject of 
the composition of vibrations. 

In concluding the subject of determination of pitch, it may l>e 
worth while to mention a method of determining very roughly the 
frequencv of a soui-ce when that of another, say a foi'k, is knoun. 
This consists in tuning a monochord or sonometer (p. 81), so that 
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a length / is in unison with the source of known frequency n, and 
then adjusting the bridge till another length, t, is in unison with 
the source of which the frequency «' is to be determined. Then, 
since n'jn = l^jl, n' can at once be found. 



Alteration of Pitch with Motion of the Soubce, 
Obsehver, or Medium. 

Doppler's Principle.— The commonest example of this kind 
of alteration of pitch is tlie lowering of the note lieard from the 
whistle of a locunuilive as it passes the observer. The explanation 
of this was fii-st piven by Doppler, whose name is attached to the 
principle on which the explanation is founded. As the engine 
approaches, it follows up the waves which it has first sent out 
in the direction of the observer, and so crowds a greater number 
into a given length of air than if it were at rest. The number 
received per second is greatei- than the number sent out, and so 
the pitch rises. 



Flo. 3S.— Altgntion of Hlcb by Ktotion of Sdutds, Obaervar, or Msdium. S ftad 0, iuitiiil 
povtiaax ill luurce Uul olairter; S'O'. their poaitiom alur one •econd i 0A=8B=U, Talodlj 
o( Kiund Imlill air J OA'^SITeU + ic, Telocity when wind u blowing with tbIociIj lo; O0'=u,= 
ralocity of obwrTBr ; SS'=Hi^*eloait; of loorce. 



When, on the other hand, the engine is receding, it draws 
away from the waves which it first sent out to the observer after 
passing him, and so sends fewer into a given length than if it 
were at rest, and the pitch falls. 

In obtaining an exact fonnula, which gives also the eiFect of 
motion of observer and of wind, we shall first find the length of 
air which gives up its waves to the observer in one second, and 
then we shall find the number of waves put into this length by 
the source, if the number it emits per second is n. 

Referring to Fig. 25, the wave which reaches the observer, O, 
at the begiiming of a second, is at A', a distance U + m from O, at 
the end of the second, for it travels U relatively to the air, and the 
air travels w relatively to the ground. Meanwhile, O has moved 
on to O', a distance «„ forward, so that the waves in length 
0'A' = V + w—Ue have been received by the observer. 

Now, turning to the source, the wave which it emits at S at 
the beginning of a second is at the end of that second at 13', 
a distance V -{-w from S. Meanwhile, S has moved on to S', a 
distance u, forward, so that the n waves emitted in the second are 
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contained in distance S'B' = U+w— w,. Then the number con- 
tained in distance U + w — m© will be 

U + w - i/a 
fi. ? 

U + w — ti/ 

and this is the frequency of the note heard by the observer. If 
both source and observer are at rest, or are moving with the same 
velocity, then the pitch is unaltered, for numerator and denomina- 
tor are the same. If the observer and source only move slowly 
as compared with U+2^9 it is evident that a motion of the source 
has the same effect as the equal and opposite motion of the 
observer. But this ceases to hold for large velocities, as may 
be seen by putting 21^ = 0, and then in turn making Uf = 0, 

Uf, = —y and Uo = 0, w, = — . In the first case the lowering is an 

octave, and in the second a fifth. The consequences of making 
Uo or ttf greater than U are curious rather than practically im- 
portant, and may be left to the reader to follow out. 

It will give an idea of the order of the efiect if we calculate 
the speed at which two trains must be going in order that the 

Eitch of the whistle of one as heard on the other may change 
y a whole tone, i^, in the ratio 9 : 8 when they pass. 

If n is the frequency of the whistle and ±u the velocity of 
either train, the frequency of the note heard on approach is 

U + ii 

while that of the note heard on drawing apart is 

n* . 

U + M 

Putting ^U-f«^9^U-t< 

8(U + tt)2 = 9(U-M)«, 

whence, if U = 1 100 fl./sec. 

tt = 32 fl./sec 
or say 22 miles an hour. 

Doppler'^s principle has been verified in open-air experiments 
on railways by Buys-Ballot, Scott-Russell, and Vogel. Various 
laboratory experiments have also been devised to show the effect 
of motion of the source, of which the simplest is due to Mach. 
A whistle, or better still, a pitch-pipe, is put into the end of an 
india-rubber tube 5 or 6 feet long. The experimenter whirls this 

D 
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in B, horizontal circle round his head, at the same time blowing 
into the open end. An observer bears most distinct rises and 
falls in pitch as the source approaches and recedes. Koenig illus- 
trated the principle by two forks slightly out of unison, and 
making, say, four beats per second. On sounding these together 
and bringing the sharper towards the observer, the beats increased 
in frequeacy, while on taking it away they diminished, 

ITie subject is rather one of curiosity than of importance in 
Sound, but in Light its application to the light received from the 
sun and stars, and analysed by the spectroscope, has enabled us 
to determine their motion relative to the earth, and has in- 
directly given us knowledge as to the constitution of the stellar 
system, which we could hardly hope ever to reach by direct 
observation. 

Limits of Aadibility. — In order that a series of waves striking 
on the ear may excite the sensation of musical sound, their fre- 
quencies must be neither too great nor too small, lying between 
hmits which depend on the individual. When tJie upper limit 
is passed, the ear is unaware of the existence of sound : and the 
variation in the position of the limit with different individuals is 
sometimes most strikingly illustrated when the air appears to one 
observer full of high sounds due to the chirping of grasshoppers, 
when to a comi>anion with him all is silent. Accordingly different 
experimenters have found very different limiting frequencies. 
Savart, with a toothed wheel, heard a note of 24,000. Despretz 
supposed that he could hear a small tuning-fork of frequency 
86,864, and Appunn one of 40,960. Koenig constructed a har- 
monicon with a series of barsvibrating, when struck, with calculable 
frequencies, and he found that the range varied with age, older 
persons not hearing beyond 16,384, while no one could hear 94,576. 

At the lower limit the ear may begin to perceive the separate 
impulses, but there is great difficulty in determining where the 
sense of continuity ceases. 'Vhe note sounded is always a com- 
pound ; the lowest or fundamental tone, the one to which atten- 
tion should alone be directed, being accompanied by a number 
of higher tones, the " overtones," which the observer may perceive 
and mistake for the fundamental. He is the more likely to do 
this as the sensation of sound is much more easily excited by a 
given amount of energy received per second in the form of short 
than of long waves ; i.e. a weak overtone may be more conspicuous 
than an energetic fundamental. Helmholtz made experiments in 
which the source was a string loaded in the middle so that the 
first overtones were several octaves above the fundamental, and 
not liable to be mistaken for it. When the frequency was 37 
there appeared to be a sound, but at 34 there was scarcely any- 
thing audible. Tuning-forks making swings with an amplitude 
of 9 mm. gave a weak drone at 30 vibrations per second, but 
could hardly be heard at SS. From these experiments, which are 
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far more trustworthy than any earlier ones, we may conclude that 
the lower limit is not far from 30 vibrations per second. 

The Nmnber of Waves in Sncceasion Needed to Qive the 
Senaation of Tone. — This, like the preceding, is of physiological 
rather than physical interest. Pfauiidler' expeiiinented on the 
Bubject by arranging a "cardboard siren" witn six holes. This 
waa rotated 10 times per second. Instead of a single noKzle, two 
were fixed close to each other, so that a hole passed from one 
to the other in j^o of a second. Thus 60 times per second two 
waves were sent out at an interval of y\is aecond, and a note of 
frequency 720 could be perceived, whence it was concluded that 
two impulses in succession are sufficient to give rise to the per- 
ception of tone. Herroun and Yeo ' arrivecT at the same conclu- 
sion from a similar experiment.^ 

Another observation seems to verify this. If an observer 
stations himself near a wall on which are impinging the waves 
from some such source as a waterfall or a railway train, each im- 
pulse enters the ear twice, first directly, then as a reflection ; and 
the observer accordingly hears a tone of wave-length equal to twice 
the distance between himself and the wall. The sense of pitch 
does not in these cases of two vibrations appear to be very 
delinite, but when the method of experiment is modified, so that 
the number of successive vibrations rises to 16 or 20, it becomes 
quite determinate. 

The Musical Scale. 

The musical scale is the succession of notes given, for instance, 
by the keyboard of a piano. After each succession of seven white 
keys, forming with the first of the next scale an octave, the 
intervals are all repeated in the same order, and the notes are 
signified by the same letters. It is usual in Sound to use different 
type for the diiferent octaves, and in Helniholtz's notation the 
octave from bass to middle c is written 

cdefgab^f 
The octave above is accented thus : 

c' rf , . . tf 
The next octave has two accents, and so on. 
The octave below bass c is written 

CDEFG A Be 
The octave below this 

C, D, E, F, G, A, B, C 
and each succeeding octave has another accent added as suflix. 

' MiiUer-PoiiillBt. 1886. i. 731. « Pw. Soy. Soc. 1. No. 305. p. 318. 

* For otter experimenta see Rayleigh's Sound, ii. p. 452. From eiperimeutB 
bj OroaB aod MolCb; {Pnv. Am. Aead., 1892, p. 22) it appears Cbut some seuse of 
pltcb li exalted by even a IractioD of one wave. 

I Muilor-PouiUet, 188S, i 731. » Proc. Boy. Sot., L No. a06, p. 318. 
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We have then 




The investigation of the physical relations of the various notes 
of the scale, and of the phyaical qualities conrespon cling to recog- 
nised musical effects, is of the greatest interest and importance. 
We owe to v, Helmholtz ' the most thorough inquiry which hoa 
yet been made on the subject, and the reader who desires more 
extended knowledge is referred to his work. Here we only give a 
very brief account of the beginning of the subject. 

It has already been stated (Chapter I. p. 10) that two notes 
forming a definite musical interval have their frequencies in a fixed 
ratio in whatever part of the scale the two notes are situated. 
Thus the upper note in an octave has twice the frequency of the 
lower; in a fifth it has 3/2 the frequency, and so on. The 
musical scale may, therefore, be discussed to a large extent 
without reference to absolute frequency, the ratios being often 
sufficient. Nevertheless, each diiTerent note has a more or less 
definite frequency, or rather range of frequency, though in the 
course of time the frequency has shown a tendency to rise. 

Thus g 'r ra or c" appears early in the last century to have 



bad a frequency below 500, and to have risen to 500 or 51S by 
the time of Handel. As it continued to rise, i.e. as there was a 
tendency to tune instruments higher and higher, attempts were 
made to fix the pitch. A Congress at Stuttgart in 1834 proposed 
5S8. A French Congress in 1859 proposed 522, and this is now 
generally adopted as the standard in music. 

But the forks made by Koenig for laboratory use arc all tuned 
to the scale c" or Ut^— 512 {marked, in accordance with the 
French plan, 1024, the number of half vibrations), and this is the 
standard adopted universally for scientific purposes. 

It may here be notetl that the human voice ranges over some 
three or four octaves, the speaking voice, which is lower than the 
singing voice, being, for men, usually somewhere in the octave 



below E 

dren, extends into the octave above c". 



c; while the singing voice, for women and chil- 



DIATONIC SCALE. 

The Diatonic Scale. ^We are so accustomed &om the earliest 
childhood to the diatonic scale, i.e. the common succession of eight 
notes forming an octave in the major mode, either through hear- 
ing it on pianos and other instruments or on peals of belts, that 
we are hardly inclined to regard our sense of its fitness as a result 
of education. Rather, we feel that had we never heard it, we 
should instinctively form it for ourselves if we attempted a 
succession of notes. But there is no doubt that this scale is, to 
each one of us, a matter of education, and to the race a matter of 
slow growth. It is one out of many used at different times by 
different peoples, and finally adopted by European nations from 
its fitness to develop the style of music cultivated by them. We 
are still familiar with another scale, that used in the old Scotch 
airs, and represented nearly by the black notes on the piano. 
" Auld Lang Syne " and " The Campbells are Coming " will serve 
as examples of the use of this scale. The reason for the selection 
of our present scale is still uncertain, but it appears very probable 
■ that it is somewhat as follows. 

The music which has in course of time developed into our 
present Eurojiean music has always been characterised by a " key- 
note," or one particular note to which all the others in the melody 
are referred, or with which they make quite definite intervals. 
There is never a continuity of tone from one note to the next. 
Such continuity, as in the whistling of the wind, or in the moan- 
ing of people or animals in pain, is always disagreeable, perhaps 
from its association with pain. But this avoidance of continuity 
and the use of intervals does not necessitate the actual intervals 
chosen. Were it a question of harmony or the sounding of two 
notes together, it would be easier to eiiplain the adoption of the 
particular ones chosen ; for a physical explanation can oe given for 
the pleasure or displeasure when two notes are sounded together, in 
the absence or presence of beats of a particular range of frequency. 
This is a subject to which we shall return (Chapter X. p. 151). 
But though the pleasing intervals of melody or succession are the 
same as those of hannony or coincidence, the scale was developed 
long before harmony was used in music, at least consciously. It 
is perhaps possible that the very early use of stringed instru- 
ments may have unconsciously introduced harmony through the 
continuance of one note after the next was struck, but this can 
hardly be a complete explanation, and we must look for something 
besides beats, some feature common to harmony and melody, to 
account for the atloption of the same intervals. The most reason- 
able explanation which has yet been given is the following, due to 
von Helmholtz. 

Any note sounded by an ordinary musical instrument, in- 
cluding the human voice, but excluding the tuning-fork when 
mounted on a resonance-box, is accompanied by a number of 
higher tones or "overtones," usually of twice, thrice, and so on, 
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times the frequency of the lowest or fundftoiental tone. Those 
notes which, sounded together, give concords have certain over- 
tones in common, and the nenrer the common overtones are to 
the fundamental, the smoother is the concord. This corresponds 
to the fact that the beats are then less likely to be within the 
range of frequency which happens to be annoying to the ear. 
If the two notes forming a pleasing concord are sounded, not 
together, but in succession, there are no beats ; but still the ear 
takes pleasure in the common quality, the possession of common 
overtones, though of course we do not consciously recognise their 
existence except after special training. The transition from one 
note to the next most likely appears less abrupt when there is 
something the same in both, somewhat as, in watching a dance, 
we are more pleased if a change is made from one evolution to the 
next by proceeding from some posture common to the two. 

Accepting this as the principle on which the scale is founded, 
we may conveniently nae it to derive the scale from our present 
standpoint rather than by going, in the historical method, through 
all the steps (many of them failures) taken by our ancestors. 

In harmony the concords of two notes within the octave are 
the following: — 



KOT oi c. 
Higher. 



Octave .... 

Fifth 

Fourth 

Major third 

Minor sixth 

Minor third 

Major sixth 

These give us in all five different notes, C E F G A c. The two 
intervals C — E and A — c are much greater than the others, and 
they may be filled up by starting with G- as the keynote and 
supplying the notes standing to it in the same relations as E 
and G stand to C. The former is B and the latter d in the next 
octave. Bringing it down an octave gives us D. We then have 
eight notes, and the frequencies are easily seen to be as under, 
tiding C as the unit — 

CDEFGABe 



This is known as the diatonic scale. 

It will be observed that the numbers in the numerators and 
denominators of the ratios are, in each case, the smallest possible to 
give a note in the same neighbourhood. Thus, taking C — B, ^, 
the nearest ratios with lower numbers are ^ and ^. The latter 
gives us the octave C, and the former is nearer to A than to B. 



DIATONIC SCALE. 



S5 



To get any note close to the position occupied by B, then, we 
should require larger numbers, such as ^ or |^. This smallness 
of the numbers expressing the ratios is also the condition for the 
possession of the lowest possible overtones in common, t^. those 
nearest to the fundamental. 

The intervals in the diatonic scales between successive notes 
are of three kinds, viz., — 



I 



Major tone, vis. C— D, F— G, A— B, g 
Minor tone, „ D— E, G— A, '° 
and Major serai'tone, E — F, B — c, J-| 

As long as we relate all the notes to C, the diatonic scale is 
sufficient ; but frequently the keynote is changed, and then new 
notes are required, not contained in the scale of C, We shall see 
this at ouce if we construct the diatonic scale of G as in the 
second line of figures in the Table on the next page, where the 
first line ia that of C with the frequencies given for two octaves. 
We start with C=24i to avoid fractions in that scale. 

It will be seen that most of the notes in the scale of G coin- 
cide with notes in the scale of C, but that two differ. Near A we 
have one in the ratio 40^/40 or 81/80 to A. This interval, which 
is also equal to g-rVi or the difference between a major and a 
minor tone, is termed a comma, and is so small that the note of 
the C scale may be substituted for that of the G scale ivithout 
serious annoyance. But near f we have a note in the ratio 
67i/64 or 135/128 to/, and this is an interval which is very 
(lerceptihle. A new note is therefore necessary, which is tenned 
_/* sharp (/il)t and the interval 135/128 is termed a sharp. Let 
.IB now take as keynotes in succession D, A, £, B, which nearly 
represent, in the octave C-c, the successive fifths from G, viz., 54, 81, 
131^, 18S^. Fonning the diatonic scales starting from tliese (as 
shown in the Table), each introduces one more sharp besides those 
already required, and thus we get one to each of the notes C, D, 
K, G, A. 

If we now begin afresh and go down by fifths from C— 24, we 
have 24 X g, 24 X (^f, 24 X {^f, and so on, of which the represen- 
tatives in the octave C — c are 32, 4S§, 28j}, and so on. Starting 
with these as keynotes, the first, F, requii-cs a new note, 42^, near 
B, and at the interval Hf below it. This is tenned B fiat (Bb). 
It does not coincide with A sharp, which is 42^, but makes with 
it an interval of jgj^ , which is rather less than a comma. The 
second, 42§, Bb, is the new note just supplied, and it requires 
another new note, E|j, at 56f or 28J. This is the third keynote, 
and itself introduces A\f. Proceeding thus, we inti-oduce a new 
flat with each scale. There are also a number of notes which 
make a comma with those of the original scale. Continuing the 
formation of the Table, we ultimately obtain, besides the seven 
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notes C D E F G A B, sharps and flats to each, at intervals respec- 
tively \a and \^ from them, and also a number of notes making 
the small interval of a comma with the original or the supple- 
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mentary notes. In fact, if we strictly follow the most pleasing 
melodic intervals, each new keynote introduces new notes, ana 
the number very soon mounts up to a considerable sum. These 



DIATONIC SCALE. 



67 



notes are only practicable, on instruments such as the voice or 
the violin, with a continuous range. On instruments of the key- 
board type, where an indefinite multiplication of notes would be 
cumbrous and mechanically impracticable, a limited scries has to 
serve for all, and a compromise must be made, so that the best 
representation possible shall be made of the different intervals. 
This compromise is termed tomporament. 

After attempts at various numbers of notes in the octave 
ranging from 21 downwards, modern practice has at present 
setued down to 12; and after various modes of adjustment of 
these to give as nearly as possible the diatonic scale for favourite 
keys, the plan now universally adopted really discards the diatonic 
scale, and divides the octave into 12 equal intervals, each 2A. 
The convenience of havuig all the keys equally bad seems to be 
greater than that of having some better and some worse. Recently, 
however, there has again been a tendency to use more notes in 
the octave, so as to approach once more the "just" intonation 
of the diatonic scale, and several keyed instruments have been 
devised with this aim. Probably, with the more perfect mechanism 
now at command, such instruments will be made practical and 
convenient, and ultimately the equal temperament will giveplact 
to a neai-er approach to the ideal in which each key is diatonic. 

In conclusion, it should be observed that compromise or tem- 
perament is not a question merely of instruments and mechanism, 
but is a necessity in music from the incommensurability of the 
different intfrvals. Taking, for instance, the intervals 2, ^, ^, 
the result of any progression from a keynote by a series of tiiese 
intervals may be represented by 2*, (4)"", (J)", where the index of 
each is the number of times of ascending in excess of those of 
descending through the interval. If we are to return to the key- 
note, then the product must equal 1. K /, m, and n, are integers, 
i^. if wfc keep to the exact intervals, then /=0, wi = 0, and n = 0, 
ov every step in ascending must be exactly retraced somewhere 
in descending. But this would be too ngid a rule to follow. 
Consequently the intervals are slightly altered or tempered, so 
that, ascending by one set, the keynote may be reached on descend- 
ing by a different set. As Herschei says,' " Any one who should 
keep on ascending by perfect fifths, and descending by octaves or 
thiitlB, would soon find his fundamental pitch grow sharper and 
sharper till he could at last neither sing nor play ; and two violin- 

E layers accompanying each other, and arriving at the same note 
y different intervals, would find a continual want of agreement."' 
' " Soand," inujo. Met., g 244. 

' An interesting »oeoQiit of " The Origin nod Nature ot ibe Minor Scale," by 
1. Goold, is given id the Monthly Journal a/ Iht Incoriparuled Soeicti/ of Muiieiani, 
xiL 5,1901, p. 186. 



CHAPTER IV. 
RESONANCE AND FOBOED OSOILLATIONS. 

CoifTBNTt. — Resonance illustratioQg by Pendulums^ Carriages^ Bridgesj 

and Musical Instruments — Forced Vibrations. 

Every one knows that a gas globe or a wine-glass may be set 
in vibration in sympathy with its own note sounded from an- 
other source. This is an illustration of the very important and 
ffeneral Principle of Besonance, of which numerous examples may 
be found in Mechanics, Light and Electro-Magnetism, as well as 
in Sound. In all these cases, some body or system having a 
natural period of vibration of its own, is set vibrating by the 
vibration of another body or system of the same period. The 
simplest mechanical example is given by suspending two simple 
pendulums of the same length (and therefore of the same fre- 
quency) from a flexible support, such as a stretched india-rubber 
cord. A third pendulum of different length should also be sus- 
pended for the sake of contrast. If one of the equal pendulums 
IS set swinging, it will gradually share its motion with the other, 
and, in time, the two will have nearly equal amplitudes. But 
the third pendulum will never swing through more than a 
small arc, and careful watching will show that it keeps getting 
up to a certain amplitude, and then decreasing again to no 
swing. This gives us the key to the explanation. 

Let us callthe two equal pendulums, A and B, and the third, 
C ; and let A be set swinging. As it swings to and fro it sends 
waves of disturbance along the flexible support which pass on to 
B and C. For simplicity, we shall suppose each wave as equiva- 
lent in its action on the pendulum mass to a single impulse, i.e. 
of a force applied in one airection for a short time, there oeing an 
interval between the impulses equal, of coinrse, to the time of 
swing of A. We may think of the impulses as due to the sudden 
motion to one side of the point of support, and the consequent 
inclination of the string, so that the tension of the string has for 
a moment a horizontal component. 

Consider first the effect on B. The first impulse disturbs it 
from rest, and it swings out and back again, and would go on 
swinging to and fro, the swings decreasing through friction, &c. 
But when it has just gone through a complete swing, and is again 

58 
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moving as in the first moment, the second impulse arrives, and the 
motion being in the same direction as that produced by the first 
impulse, the second impulse does work upon B, i.e. gives it energy 
ana increases tlie swing. This increase goes on with each successive 
impulse until the amount of energy put in is equal to that sent 
back, sent out, and lost hy air- resistance, &c. Now consider the 
efiect on C, and, for simplicity, let us take the case in which the 
difference of period between A and C is but small. The first 
impulse disturbs C, just as it disturbed B, and the mass swings 
out and back again, and would continue to swing slightly to and 
fro for a time in lessening arcs. But when it has either nearly 
completed its swing (if it is longer than A), or has rather more 
than completed it (if it is shorter), the second impulse arrives ; 
but it is still moving in the original direction, and so it has work 
done upon it, i.e. it receives energy. The swing, therefore, in- 
creases. The third impulse arrives during the next swing, when 
it is again moving in the original direction ; but this time it is 
further from the centre. The successive impulses are received at 
points further and further from the centre, till at last they come 
when C is } swing away from the centre. After this C is moving 
in the opposite direction when they arrive, and now they oppose 
the motion or take energy away from C. The swings, therefore, 
gradually damp down to zero, and C is at rest. But then the 
impulses act exactly as before, and the swings begin to grow again, 
and so on for some little time. Ultimately, as we shall explain 
later, the pendulum will make a sort of compromise which will 
enable it to swing in the period of A. 

A curious example of the effect of one pendulum ou another 
of nearly the same period has sometimes been observed in the 
action of two clocks upon each other when fixed against a common 
and not quite rigid support. One clock has gradually lessened 
the swings of the penaulum of the other until it has stopped. 
The explanation is obviously of the kind we have just given for 
the effect of the pendulum A on the pendulum C. 

Many other examples of Mechanical Resonance will be observed 
when the attention of the reader has once been directed to the 
subject. Thus he mav note that a two-wheeled vehicle often gets 
up quite a considerable swing when the horse trots at a particular 
pace, the time of swing of the vehicle then agreeing with the time 
of oscillation of the horse in trotting ; or ne may observe the 
swing of a railway carriage to and fro when its speed is just such 
as to make the impulses due to the intervals between successive 
rails synchronise with the natural vibrations of the carriage on its 
springs. A change of speed at once reduces the swinging. 

Many years ago, before the principle was fully understood, or 
at least supposed to touch practical matters, a suspension-bridge 
at Manchester broke down when a troop of cavalry was crossing 
it, the step of the troop just keeping time with the swing of the 
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bridge, and thus making it move beyond the limit of safety. Now 
bodies of troops, either horse or foot, always break step on crossing 
such a bridge, 

The most striking illustrations of resonance are observed in 
the case of Sound, and we shall describe in the next chapter the 
most important application of the principle in the analysis of 
vibrations. Here we shall mention some simple cases which may 
be known to the reader, or which he may easily observe for 
himself. 

A familiar case is that of a gas globe or a gong suddenly set 
vibrating by its own note from another som-ce, say a voice sounding 
loudly in the same room. 

Any liullow vessel, such as a vase with a neck, has a natural 
note, which may be obtained by blowing gently across the opening. 
If the vase be held up to the ear — not too closely — and the same 
note is sounded on a piano or sung, the vaae sounds out loudly to 
the ear against which it is held. By partly closing the opening 
with a card or with the hand, or by varying the space between 
the vase and the side of the head, its natural note may be varied, 
and so it may be tuned to exact resonance with a note to which it 
would not otlierwise respond. 

If the pedal of a piano is pressed down so as to free the strings, 
and a note is sung into the instrument, that note is at once taken 
up and "echoed" back. This, of course, is really resonance. 
Further, the note sung into the piano is really a mixture of a 
number of simple tones which combine to give it its special 
quality. Each of these tones is taken up by the piano string of 
tJie same tone, so that the note returned has nmcb of the quality 
of that sung into it. 

Perhaps the most remarkable case is that of two tuning-forks 
mounted on resonance- boxes and exactly tuned to unison. If one 
is bowed in the neighbourhood of the other, anil then damped to 
silence, the second is found to be sounding loudly. Releasing the 
first, and then, after a short interval, tlamping the second, the first 
is found to be sounding, and so on. When the first vibration is 
large, the energy of vibration may be passed to and fro several 
times in this way. 

Forced Vibration. 

Resonance may be regarded as a limiting case of a more 
general principle, which asserts that if a periodic force be applied 
to a vibrating system, the system will ultimately vibrate in a 
period the same as that of the force. Its vibration is then termed 
forced. 

After the first application of the periodic force, some time is 
required for the system to settle down. At first, as in the case of 
the unequal pendulums, the vibration is intermittent, through a 
struggle, as it were, on the part of the vibrating system to assert 
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its own period, and the frequency of the intermittence is equal to 
the difference of frequencies of the system and the force. In the 
case of an electrically-maintained fork worked by an interrupted 
current of a period slightly different from its own, beats are plainly 
heard at first. But in time these intermittent natural vibrations 
die away, and the system adjusts itself in some way to the time 
of the applied force. How this may happen will bie understood 
from a consideration of the case of a simple pendulum, of which 
the point of suspension is obliged to vibrate in a given period in 
a horizontal line. Fig. ^ shows how the pendulum vibrates when 





Fio. 26.— Forced Vibration of 
a Pendulum when the 
point of BUBpension is 
moved to and fro in A B 
in a period corresponding^ 
to length, OR, greater 
than its own. 



Fio. 27.— Forced Vibration of the 
same Pendulum when the 
period corresponds to length, 
OR, less than its own. 



the applied period is longer than its own. If A C B is the line 
in which the point of suspension vibrates, and if O C R is the 
length of pendulum which has the applied period ; then the pendu- 
lum swings sensibly as if it were part of a pendulum of length 
OCR, the line of the string always passing through O. It may 
easily be shown, if small quantities are neglected, that this motion 
will give the horizontal force requisite for the vibration in the 
applied period. 

If the applied period is less than the natural one, the pendu- 
lum vibrates, as shown in Fig. 27, the string always passing 
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through O, where O R is the length which would have the applied 
periou. The pendulum then arranges its arc of vibration so that, 
with the given motion of the point of support, it virtually forniR 
part of, or makes pai-t of itself into, a pendulum of the given 
period. It is noteworthy that the phases of vibration in the two 
cases are opposed to each other. 

We shall now consider a rather more general case. Let a mass 
M be attached to a spring, or in some way controlled, so that at 
distance d &om its position of equilibrium the force acting on it 
is n^Md; the acceleration is then nM, and the natural period 
Stt/h. Now let a force P sin pt, i.e. one having a periodic variation 
in time 2irjp, be applied to M. Evidently M arraiigea its mode 
and extent of vibration so that the natural and applied forces 
together give a force of the magnitude required to make M vibrate 
with a certain amplitude in tlie applied time. The acceleration 
at distance d must therefore be p^d, and the force applied and the 
natural force of the system must combine to give tins acceleration. 
This requires 

n''Md + P Bin pt=piUd, 



Ifp is greater than n, dis positive, or the motion agrees in phase 
with the applied force. If, however, p is less than n, they are 
opposite in phase. This is the result we have already seen to hold 
in the case of the simple pendulum with a vibmting point of sus- 
pension. It may be verified by suspending three very nearly equal 
pendulums, A, B, C, in descending order of length, from a flexible 
support. On setting B vibrating, A and C will ultimately settle 
down to vibrate in opposite ways. 

From the resulting value of d, which we have just found, it 
appears that the nearer p and n are, the greater is the amplitude 
of vibration, and that if they are equal the amplitude is infinite. 
In practice there is radiation and dissipation of energy, and the 
amplitude only increases to the point at which the energy radiated 
and dissipated is equal to that put in by the working of the 
applied force. As the radiation and dissipation increase with the 
amplitude, this point is reached sometimes before the vibrations 
become very large even when p = n. 

Another result of the loss of energy is that the phase of the 
forced vibration is neither exactly in agreement nor in opposition, 
but differs from that of the applied force by an amount depending 
on the difference of periods. 

It is obvious that when jj=n, we have simply a case of reso- 
nance, which may be described as forced vibration with equality 
of period. 
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CHAPTER V. 
ANALYSIS OP VffiRATIONS. 

Contents. — Mathematical Analysis of Vibrations by Fourier's Theorem — Ex« 
perimental Verification by Resonators — Quality dependent on the Con- 
stituents — Methods of Recording Vibrations — Composition of Vibrations 
— Vibration Microscope. 

Any vibration of a point in a line may be represented in a plane 
figure by a time-distance diagram, i,e. a diagram in which the 
abscissae are the times from some chosen instant, and the ordinates 
the distances at those times from some chosen position. Thus a 
tuning-fork writing on a revolving drum traces its own time- 
distance diagram if the drum turns uniformly. If the vibrations 
exactly repeat themselves after a certain time, the curve represent- 
ing them exactly repeats itself after a distance represented by the 
time. Such a curve is termed a Periodic Ourve. We may con- 
veniently term the shortest distance in which the curve repeats 
itself the period or the wave-length, denoting it by X. If a line be 
drawn parallel to the base line, and at such a height that the 
curve encloses with it equal areas above and below, this line is 
termed the axis of the curve. The axis is, in fact, at the mean 
level of the curve. The points at which tiie curve cuts the axis 
are the nodes. 

The curve of sines or the harmonic carve is the most 
important periodic curve and the simplest, in that 'hH periodic 
curves may be built up out of a number of such curves as con- 
stituents. The general form of the curve of sines may be obtained 
by the reader if he will mark as abscissae on a base line, say 
every 10°, from 0° to 360**, and then plot, as ordinates, to any 
scale the values of the sine as given in any table of natural sines. 
In this way Fig. 98 has been drawn, one curve being on half the 
scale of the other. 

The curve evidently represents the equation — 

^ = a sin nx (1) 

where a is the maximum ordinate and n determines the length 
which shall represent 360°. We may put the equation in a more 
general form, which allows us to measure x fix)m any point, not 
necessarily a node, and which at once gives the length represent- 
ing 360°, viz.— 

^ = asin~(j:-a) (2) 

08 
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Here a is the maximum ordinate, which is termed the amplitude. 
Every addition of X to the value of x gives the same value of y 
again, and this is the shortest distance in which the curve repeats 
itself. It is termed the period, or the wave-length. The successive 
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Fio. 28.— Curres of Sines. Ordinates of lower half those of upper. 

points of intersection of the curve with the axis are alternately 
ascending and descending nodes, and are at intervals of — along the 
axis. The position of the first ascending node is given by j7= a or 

-— , according as we measure by 

distance or angle; either of these 
is termed the epoch. The angle 

— (fls~a) gives the position of 

the point on the curve, Le. tells at 
what part of the curve it is situated, 
and is termed the phase. 

If we take the abscissa to repre- 
sent time and the ordinate distance, 
the curve given by equation (2) re- 
presents the time-distance diagram 
K 29. Simple Harmomc Motion, of a certain simple harmonic motion. 

For if a point P, Fig. 29, moves with 

uniform angular velocity, w, round 

a circle of radius a, the point N, the foot of the perpendicular on 

any chosen diameter, A A , possesses, by definition, a simple harmonic 

motion. The displacement of N is evidently 

CN ^y K a sin (t>(< - a) 
" a sin-— [X - a) 
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!f we write x for t and Stt/X for <». The periodic time of the 
motion is Stt/o) or \ the amplitude is a, ana the acceleration at 
distance 1 is w^ or 4^^/X.*. This may be realised experimentally by 
allowing a tuning-fork (which has a nearly perfect simple harmonic 
motion) to write its record with a nearly rigid style transversely on 
a uniformly revolving drum. The curve is sensibly a curve of 




Fio. 80.— T. and II. Ilarmonic onrres of equal epocha and amplitudea ; period of 
I. double that of XL IIL The curre formed by their luperposition. 

sines, and is evidently a time-distance diagram. 

The curve of sines is also a curve of cosines if we measure 

X from a point ^ to the right of the original point ; for, putting 

4 

x = y + J 

4 



we have 



V«asin— - ( X + j-al 
-«8m|^(y-a) + ^J 



» a cos -r- (x - a)L 
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The reader will easily see that any one curve of 
made into any other by two simple strains, one along the 
making the wave-length of the first equal to that of the second, 
the other, perpendicular to the axis, making the amplitude equal. 

SuperpoBition of Harmonic Curves. — If a curve be drawn 
with the ordinate at any point equal to the algebraic sum of 
the ordtnatcs of two or more curves at the same point, or at 
points with equal abscissa, it is said to be formed by their 
superposition. In Fig. 30, III. is formed by the superposition 
of I. and IT., and the reader may verify this by measuring the 
ordinates of I. and II. for equal abscissa;. Their algebraic sum will 
be found equal to the ordinate of III. for the same abscissa. 

There is one case of superposition worthy of special notice, 
that in which the two components are harmonic curves which have 
the same period. The reader should draw two such curves, and 
show graphically that the result of their superposition is a third 
harmonic curve of the same period. Analytically, this can he 
shown from the equation — 



) may be ^H 
the axis, ^| 
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Snperposition of HannoniCB with Commensorable Periods. 
— A periodic curve may be regarded as repeating itself, not only 
after one period or wave-length, hut also after two, after three, 
. or after any whole number of periods. If, then, any number of 
harmonic curves have periods each some aliquot part of a given 
period, each will repeat itself after this period ; and if they be 
superposed, their sum will also repeat itself, or will form a penodic 
curve of the given period. Not only is it true that harmonics of 
commensurable periods will build up into a periodic curve, but it 
can also be proved that, conversely, any pcriotHc curve whatever, 
if only of such kind that it is a possible time-distance diagram, 
may be built up of harmonics of periods which are aliquot parts 
of the period of the curve. The general statement of this most 
importaiit result is as follows, and is knuwn from its discoverer as 

Fonrier's Theorem. — Any periodic curve of period X, which 
is continuous, always at a finite distance from the axis, and with 
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only one ordinate for each abscissa, may be formed by the super- 
position of harmonic curves of wave-lengths X, „, s, j, by properly 
adj usting the epochs and amplitudes of the constituents, and there 
is only one set of harmonics which will thus form it. 

The reader may be referred for the proof of this theorem 
to mathematical treatises such as Donkin's Acovstica, where he 
will find rules for determining the epochs and amplitudes of the 
various constituents when the form of the periotlic curve is given. 
For our purpose the general statement is sufficient. 

One particular case should be specially noted — that in which 
the beginning, half-way point, and end of the periodic curve are 
on the axis or have zero ordinates. In this case, all the con- 
stituents have nodes at the same three points. 

The harmonic curves of wave-lengths X, =, =, &c., ai* described 
as the harmonic series for a periodic curve of length \, and each 
is termed a harmonic of the curve. We shall illusti-ate the im- 
portance of Fourier's theorem lu the theory of sound by stating 
here some results of the investigation on the transverse vibrations 
of stretched strings given fully in the next chapter. 

Let us suppose a stretched string of length I, with its ends 
fixed, to be slightly displaced from its equilibrium position into 
a plane curve of any form, and then to be suddenly released. The 
curve of initial displacement may be regarded as one-half of a 
periodic curve of length 2/, with nodes at the two ends of the 
string. By Fourier's theorem it may be resolved into harmonics, 
all with nodes at the two ends, of wave-lengths 2/, -=, - , and so 
on. Now, when a string is sti-etched into a curve of sines and 
let go, it may be shown that it will always remain a curve of sines 
with the same nodes and wave-length, the amplitude only changing. 
The time of vibration is proportional to the wave-length. Further, 
if a number of such displacements coesist, each may be considered 
to exist independently of the rest. It therefore follows that all 
tlie harmonics in the original displacement will persist, and will 
have times of vibration, T, T/S, T/3, . . . where T is the time of 
the harmonic of length 2/. Evidently, after time T the string will 
return to its initial position, and not before that time. Since all 
the harmonics persist, and since there is only one way of building 
up a curve by harmonics, no new harmonic can come in in the 
course of the vibration. 

We may regard each mode of vibration as sending out 
its own wave into the surrounding air, or through the supports 
of the string. Or, taking the complete waves sent out by the 
complete vibrations of the string, we may analyse these waves 
into their harmonics by F'ourier's theorem, and we get the same 
result. 
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detected by Resonance. — Let a second string be exactly tuned 
to unison with any one of the harmonics of the original string, 
and let it be in material connection with it — say on the same 
resonance-bos. Then, if tliat harmonic is present in the vibra- 
tion of the lii-st string, the second string will take up energy from 
it, and will be set in vibration. It must be rememljered uiat not 
every harmonic will be present, for the amplitude of some in the 
original displacement may be zero, so that the second string will 
not always vibrate, even when its time of vibration is an aliquot 
part of that of the first. It is always easy to detect at least two 
harmonics by the foregoing method in a piano. Holding down 
the key of c and striking C several times snarply, c will be heard 
sounding when C is silent again. Or holding down g; the next 
harmonic of C, it too may be made to sound ; and c' may probably 
be obtained. 

The harmonics may also be detected by "Resonators," or hollow 
globes with orifices, tuned so that the air within vibrates with 
a pai-ticular tone. The usual 
form of resonator, which is 
due to V. Helmhol^, is shown 
in Fig. SI, a small tube which 
is applied to the ear allowing 
the vibrations to be plainly 
heard. With a series of re- 
sonators forming the harmonic 
series for a given note, it is 
easy to determine which har- 
monics are present when that 
note is sounded on a piano or 
organ. 

Simple Tones.— If a vibra- 
tion is a simple harmonic 
motion of small extent, it gives 
rise to waves of which the 
displacement diagrams are 
harmonic curves or curves of sines, lliese are, as far as Fourier's 
theorem is concerned, simple curves, since they cannot be further 
resolved thereby. 'ITie sounds which they excite are termed 
Simple Tones. 

The Ear probably Oontaina a Series of Resonatora.~It is 
very probable that the ear is a kind of practical Fourier's theorem. 
It is siippostni that certain fibres — the fibres of Corti — are tuned 
so as to respond each to a particular vibration, or at least to vibra- 
tions within a narrow range. When a series of compound waves 
disturbs the auditory apparatus, each fibre takes up its own waves 
and so breaks up tne compound into its constituents. But this 
is perhaps rather a speculation than, as yet, an ascertained fact, 
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There can be no doubt, however, that in a mixture of tones, 
as ill a harmony "ith the various parts, each tone excites a separate 
sensation; for, if the attention is properly educated, it is easy to 
follow the dift'erent parts. Even when a single note is played, an 
ear trained for the purpose will be able to detect some of the 
harmonics. An account of the subject will be found in v. Helm- 
holtz's Sensations of Tom, ed. 1875, chap. vi. 

Quality of Musical Sound, 

In the first chapter we stated that the quality of a musical 
sound depends on the form of the waves exciting it. Talcing the 
conventional representation of the waves by a displacement dia- 
gram, we have for a series of regular waves a peiiodic curve, and 
we may say that the quality depends on the form of this curve. 

Applying Fourier's theorem, each wave may be broken up 
into a nuniber of harmonics, and the number, amplitude, and 
epoch of these will vary with the form. For any given form 
there will be a perfectly definite set of constituents definitely 
arranged, which may be regarded as building up that fonn. The 
<|uality of a sound which corresponds to regular waves depends, 
therefore, on the harmonics into which the waves can be resolved. 
It is convenient to use the term note for an ordinary compound 
sound to which a definite pitch may be assigned, and the term 
tone for eacli simple harmonic constituent which goes to form it. 

A very important question arises uow, viz., does the quality 
tiepend on the relative phases or on tlie epochs of the consti- 
tuents of a note.** Some apparently quite decisive experiments 
were made by v. Helinholtz which gave a negative answer to 
this question. He used as a source of sound a cylindrical 
hollow metal i-esonator, with a circular hole in one end, which 
could be closed to any desired extent by a sliding circular lid. 
This was placed witli the hole close to an electrically main- 
tained fork with which it was in unison, and consequently there 
was resonance. When the hole was quite open the unison was 
perfect, and there was comulete agreement in phase. But on 
gradually closing the hole by the Hd, the natural frequency of 
the resonator was raised more and more above that of the fork, 
and tlieory shows that the forced vibrations of the resonator 
differed more and more in phase from the exciting vibrations of 
the fork with which they were forced to agree in frequency. A 
set of forks with resonators of this kind was pre[Mred, consisting 
of B|j and the next seven harmonics. When any combination of 
these forks was made to sound, and the phases were varied while 
the intennities were kept practically constant, the variations in 
phase could not be observed to produce any change in tjuality; 
while the quality was quite altered by changes in the number 
and strength of the constituents.* 

' Kocnig, from ezp^rimonls made with a 
to the ct>iicliiaIon that phase of constituent.' 
perientet d' Aeouitiqiu, p. 21S, or Wud. Ann., 1 
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An account of the mixture of haniionics giving their peculiar 
quality to the notes of various common musical instruments will 
be found in Helmholtz's Sensations of Tone. chap. v. 

The CompoDenta of Vibration are sometimes Inharmonic- — 
In many cases, especially when the restoring force of the vibration 
is due to the rigidity ot the material, the frequencies of vibration 
of the constituents of a note are not harmonics. In a tuning- 
fork, for example, the frequencies of the simple tones making up 
the note given out are m ratios 1 ■ 69.5 : 17'6 : 34-3, &c. In 
such a case Fourier's theorem does not give us the forms of the 
different modes of vibration. Thus, suppose that we have a 
fork vibrating only in one period, and giving its fundamental 
note alone, its form will not be a curve of sines or any part 
thereof. Conversely, if we displace the fork so as to make it 
take the form of a part of a curve of sines, on being released it 
will not maintain that shape, but will break up into constituents 
of different shape. In fact, Fourier's theorem is only one par- 
ticular mode of resolving a curve, which is the easiest in Its 
mathematical investigation, and which happens to con'espond 
to the physical properties of certain vibrating instruments. But 
in other cases other modes of resolution are applicable, and other 
series of tones are then obtained. In these cases the higher tones 
obtained are termed overtones or upper partials. 

Vowels. — The most interesting example of the correspondence 
of quality of sound to a given mixture of tones is given by the 
various vowel sounds produced by the human voice. The organ 
of the voice is essentially a double reed, the vocal chords (Fig. 65, 
p. 118), supplied with resonance cavities in the throat, mouth, 
and nose, tne shape of which the speaker can vary at will, A 
vowel sound is made by setting the vocal chords (Fig. 65, p, 113) 
in vibration and adjusting the resonance cavities to appropriate 
forms. There has been and still is great divergence of opinion as 
to the nature of the vowels. The earliest exact work * is due to 
Willis who, in 1829, made experiments to produce vowel sounds 
artificially by means of resonating cavities excited by a reed. 
These experiments led to the conclusion that, whatever the pitch 
of the fundamental note on which the vowel is spoken, the re- 
sonant cavities introduce overtones of frequencies fixed for each 
vowel. This, known as the " fixed pitch " theory, was afterwards 
upheld by v, Helmholtz. He believed that it was confirmed by 
an analysis of vowel sounds made by his resonators (Fig. 31). 
Further confirmation was sought by an attempt to produce vowels 
artificially by tuning-forks supplied with resonators, but the 
attempt was not very successful. Helmholtz gives tlie following aa 
the tones forming the bases of the vowels written under them. 

' Aoconnts ot the work done on this sabject will be (onod in Rayleigh'i 
SovtiA, ii. p. 470, and in n paper bjr Prot. H'Eeodriok, "On Pbonetice," i/ndira, 
Ixv., December 1901, p. 182. 
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^P A series of important researches by Hermann with the aid of 

the phonograph led him to modify v. Helmholtz's theory some- 
what. The vowel quality is still determined by the overtones, 
but these are not quite "definite." A vowel, according to him, is 
a special acoustic phenomenon, depending on the intermittent pro- 
duction of a special partial or "fomiant," or " character! stique." 
The pitch of the "formant" may vary a little without altering 
the character of the vowel. For a, for example, the "fonnant" 
may vary from fa^ to la^, even in the same person. 

At the other extreme to the "fixed pitch" theory is the 
"relative pitch" theory, according to which the quality of a 
vowel depends on the prominence of partials bearing fixed relations, 
or ratios of frequency, to the frequency of the fundamental note 
on which the vowel is spoken. The phonograph has been called 
in to decide between the two theories, but its verdict is hardly 
conclusive. If the " fixed pitch" theory is true, the quality of a 
vowel spoken into the instrument should only be exactly repro- 
duced, if the phonograph revolves exactly at the same speed 
while reproducing as when recording. If the "relative pitch" 
theory is true, the vowel quality should be maintained whatever 
the speed of reproduction. Undoubtedly the quality does change 
with change of speed, and becomes quite different with very large 
alterations, such, for instance, as a doubling of speed. But quite 
considerable 'changes of speed may be made, and yet the vowels may 
be easily recognised for, and would be described as, those which 
were spoken into the instrument. This would tend to confirm 
Hermann's view, that this pitch of the "formant" may vary 
somewhat. On the other hand, an examination of phonograph 
records^ appeal's to show that the same individual does reinforce 
very nearly the same partials when sounding the same vowel over 
a very wide range of the same fundamental note. This, at first 
sight, appears to contradict the observation of identity of vowel 
sound at somewhat different speeds. But probably another in- 
dividual, sounding what we should call the same vowel, would 
use other somewhat different partials. Indeed, no two individuals 
ever produce exactly the same vowel unless the quality of their 
voices is exactly the same, and this constitutes one of the ditfi* 
culties of investigation in the subject. 

> " Fhonograph," inejc. Briu, 10th ed., mi. p. 981. 
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Marage' has reproduced vowels with great success by means 
of a specially constructed siren, fortified by resonance cavities 
moulded from the oral cavities. To imitate A, the siren disc had 
triangular slits arranged in groups of three each. The number, 
n, of groups passing the air supply per second gave the frequency 
of the fuTidamental note. The oral resonator was tuned to 3n, 
the number of slits passing. To imitate O large slits were 
arranged in pairs, and to imitate E narrow slits were arranged in 
pairs. If n pairs passed the air-supply per second, the oral cavity 
was tuned to 2n'. To imitate OU and I the slits were equi- 
distant, large for OU, narrow for I, and the oral cavity was timed 
to unison with the number of slits passing the air supply. These 
experiments lean towards the " relative pitch " theory, but an 
essential part of Marage's explanation is in the intermittent, the 
" group " character of the disturbance. The subject still obviously 
requires further research. 

Graphic Mode of Recordino Vibrations. 

The Phonautograph. — This is an instrument for recording 
the vibrations corresponding to various sounds, writing them 
down entire without any analysis. It consists of a parabolic 
reflector, with a membrane stretched across the narrow end at the 
focus. At the centre of the membrane, on the side away from 
the reflector, is a style which writes on a revolving drum covered 
with smoked paper, the motion of the style being parallel to the 
axis of the drum. The axle of the drum being cut with a screw- 
thread, the drum moves forward as it is turned round. Any 
series of waves sent into the cavity of the reflector set the mem- 
brane vibrating, and its motion is recorded on the drum. This 
instrument is chiefly of interest now in that it ^^ as a great step 
towards a most remarkable invention, viz. — 

Edison's Phonograph. — This is an instrument which not only 
records the sounds which it receives, but also reproduces them. 

Like the phonautograph, it consists of a stretched membrane, 
with a style at its centre i-ecording on a drum ; but instead 
of making the vibrations parallel to the axis, the style moves 
in and out, ploughing its way through the surface of the material 
of the drum, and recording the vibrations by a furrow of varying 
depth. In the original form of the instrument. Fig. 32, the drum 
had B screw-thread on it of the same pitch as that on the axle, 
and a sheet of tinfoil was wrapped round the drum. The style, 
which had a blunt point, indented the foil along the screw-thread, 
and the varying depth of the indentation recorded the vibrations. 
The drum was brought back to its original position and the style 
was allowed to press against it, so as always to be at the bottom 
of the indentation. On turning the drum at the same rate as 
' M'KendricIc, Nature, loc, cit. 




FlO. 33.-Orieiua: form of the Pbonogmph, ihowing 


ho princinla 




nndlB K:;> 


ylinder with Kra«-tlir<ad of aame iiitob M tt». and euvere. 


. with titifoU 


m, nioiitbp!c(:H, of which a side liow is givBii in the 





74 



ANALYSIS OF VIBRATIONS. 



before, the membrane was made to execute the vibrations recorded 
on the foil, and so gave out again the waves at first put in. But 
the membrane did not record all the original vibrations in the 
same proportion, so that the reproduced sounds were very different 
in quality from the original ones, though words could often be 
easily recognised. In later forms of the instrument devised by 
Tainter and Bell, as well as by Edison, the tinfoil cylinder is 
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Fio. 3S. — ^Pendolam bong by string lo 
M to ezeoate two yibrstions at rigbt 
Angles, one in tbe plane of tbe figure 
oorresponding to length CD, the other 
in A perpendioolar plane oorresponding 
to length ED. The times are in the 
ratio i^CD/ED. 



Fio. S4. — ^Diagram of Harmonograph. 
The pendulum A Tibrates on the knife- 
edge Ki (support not shown), giving a 
harmonic motion to a cylindrical table 
T at its upper end, K^ being the axis 
of the cylinder ; B Tibrates on the knife- 
edge K^ which is at right angles to Ej, 
and gives its motion through a jointed 
framework to the siphon pen p. This 
moves harmonically in a line parallel to 
Kx) and therefore, relative to tbe table, 
has a motion compounded of the two 
motions. The paper is attached to the 
surface of T. 

replaced by one of wax, say 4 inches long and 2 to 4 inches in 
diameter, which can be turned by a motor at a very exactly 
governed speed. A mouthpiece closed by a disc of ^lass, say 
•fijf inch thick, is placed in position in front of the cylinder. One 
end of a short lever is fixed to the centre of the disc, and the 
other end, on which is a minute cutting tool of sapphire, is 
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weighted so as to press against the wax. The cylinder is then 
set in motion, revolving and at the same time travelling forward 
along its axis, the tool ploughing a furrow in it. The words to 
be recorded are spoken into the mouthpiece, and duly imprinted 
by a series of varying depths in the fuvrow. To reproduce the 
sounds a second disc of glass, with a lever as before but with 
attached rounded sapphire point in place of a cutting tool, is 
brought into the position formerly occupied by the recording 
disc, the point being pressed slightly against the bottom of the 
furrow in the wai. When the cylinder is aet in motion the 
original sounds are reproduced, and, under favourable circum- 
stances, the original quality is exceedingly well preserved. 

The OompositioQ of Vibrations at Right Angles. — This 
subject may be usefully entered into at this point, though it has 
DO direct connection with the foregoing discussion of the analysis 
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of vibrations. Wc shall see, however, that it leads to a method 
of detecting the form of vibrations which is of considerable 
importance — that of the Vibration Microscope. 

A simple mode of exhibiting the composition of two vibrations 
at right angles is shown in Fig. US. A string, ACB, is fastened 
to two points, AB— say two nails in a doorway — and to its 
middle point C a third string CD is attached, having a heavy 
weight, £), at its lower end. If the weight is drawn aside in the 
vertical plane through AB, it vibrates as a pendulum of length, 
CD, and if tn the vertical plane through ECD, it vibrates as a 
])endulum of length, ED. If drawn aside in any other way, and 
either released or projected, its motion is a resultant of these two 
niotious. The motion may be recorded by making the weight 
D hollow, with a small hole at the bottom, and filling it with 
sand. The sand trickles out, and marks, on a sheet placed below, 
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the curve traced out. By varying the ratio ED/CD and the 
relative phases and the relative amplitudes, the figures obtained 

may be varied to any extent. 

The Harmonograph. — This 

instrument was devised by Mr. A. 
E. Donkin^ for the purpose of 
compounding two harmonic vibra- 
tions. These may be either in the 
same line or at right angles to 
each other. By means of wheel- 
work and cranks a glass siphon 
pen has one harmonic vibration 
communicated to it, while a table 
on which it writes has the other. 
If the two harmonic motions are 
in one line the table is drawn 
along with uniform speed in a 
J> direction at right angles to the 
line of the harmonic vibrations. 
If either harmonic motion exists 
alone the pen describes a curve of 
sines (p. 65) of period and ampli- 
tude equal to those of the harmonic 
vibration. If the two coexist the 
pen describes a curve the resultant 
of the superposition of the two de- 
scribed separately. Fig. 34 shows 
a simple form of harmonograph 
in which the two vibrations to be 
compounded are at right angles 
to each other. Two pendulums, 
A and B, vibrate in perpendicular 
planes. A carries a small table on 
which is fixed a card, and B is con- 
® ^ nected by a lever to a pen p which 
I S writes on the card. Owing to the 
gradual decrease of the vibrations 
and the consequent interlacing of 
the successive curves traced out, it 
is most interesting to watch the 
gradual development of the figures. 
These are often of great beauty. 
o ^ Fig. 35 represents an imperfect 
unison and an imperfect fifth. 

The Ealeidophone. — If a 

knitting-needle is clamped in a 
vice and a small bead is fixed on its free end, the image in the bead 

' Proe. Roy. Soc., zzii., 1873-74, p. 196; Donkin's AeousUct^ 2nd ed. 
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PlO. 37.— Knleidophone Bfures, Tnr)"ii! Inlcrviil- 

of any bright soui-ce of light will appear to describe a continuous 
curve when the needle is set vibrating. If the needle is quite 
round, its time of vibration in any direction will be the same, 
and the curve will be either a straight line, an elli]>se or a circle. 
Ifut if there is some want of uniformity, there will be two direc- 
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tions at right angles to each other of greatest and least t 
vibration, and the curve will be the resultant of i 
these two directions. If the two frequencies are nearly the same, 
and the vibrations begin in the same phase, the curve will be a 
straight line, as in Fig. S6, B, slowly changing into an ellipse, C, 
of which the axis revolves, the ellipse at the same time becoming 
more cii-cular till one vibration has gained J period ou the other ] 




Pio. 38.— Tbe VtbratioQ MionwJupB. L, objecCira of microauopa atteobed It 
[>roiig of furk ; M, fixed eye-pieee ; E, mainUuDing electro-m&eDet. Tba vibntii 
lie studisd IB boruQDtaL 

as at D ; the ellipse then contracts again through the form E to 
a straight line as at F, when the gain is J a period, and so on. 

This mode of exhibiting vibrations is develojied in Wheat- 
stone's kaleidophone, which consists of a number of lods of various 
rectangulai' sections arranged so as to vibrate with frequencies in 
various ratios along the two axes of the rectangle. The vibration 
is shown by an illuminated bead. Fig. 37 shows the resultants ^ 
of several exactly timed intervals with various differences of phaa 
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It will be observed that on circumscribing a rectangle round any 
figure with horizontal and vertical sides, the ratio of the number 
of contacts with adjacent sides gives that of the frequencies. 

LisSfyOUS' Figures. — Lissajous obtained similar figures by com- 
pounding tlie vibrations of two tuning-forks moving in perpen- 
dicular planes. If small mirrors are placed on one prong of each 
fork and a ray from some small source is received io a telescope 
after it has been reflected successively at the two mirrors, the 
image of the source describes Lissajous' figures. The method 
admits also of projection on a screen by suitable ai'rangement. 

Vibration Microscope. — This instrument may be regarded as 
a development of Lissajous' method, and was used by Helmholtz, 
not so much to determine frequencies as the actual form of vibra- 
tion of particular 
points in strings. It 
is represented in Fig. 
38, and consists of a 
tuning - fork which 
carries at the end of 
one prong the objec- 
tive, L, of a micros- 
cope with fixed eye- 
piece, M. The fork 
IS electrically main- 
tained by the electro- 
magnet E. B is a 
small weight for ad- 
justing the pitch to 
a slight extent. The 
string, of which the 
vibration is to be 
investigated, is fixed 
vertically in the field 
of view of the micro- 
scope with a starch 
grain on it to serve 
as a luminous point. If the fork alone moves, the point is length- 
ened out into a briglit vertical line, but when the string also 
moves the point traces out a curve. In Fig. 39 cd represents the 
curve given in a particular case by a violiii-string in unison with 
the fork, ab ia the vibration due to the fork alone, and since this 
vibration is harmoidc, we at once get a time scale by drawing a 
circle with diameter ah, and drawing a scries of hori»)i]tal lines 
through equidistant points on the circumference. Where these 
meet the curve cd, we have the positions of the point at suc- 
cessive intervals of tune. 

Plotting out the horizontal ordinates at the successive instants 
on a new time scale, ef, we get the time displacement diagram of 
the vibration of the point on the string. 
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ftlM TibratOB. C, time circle with 
diAmetar equBJ to ah. Tbe dotted 
linea hein^ drtinn thmugh equi- 
dutaut pointa on tbs ciraumfor- 
■DCS □[ C, murk oS equ&l times. 
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CHAPTER VI. 



THE TRANSVERSE VIBRATIONS OF STRETCHED 
STRINGS OR WIRES. 



CoKTBNTR — Eiperiments ■■ith the Sonometer — Harmonics : TTieir Coexist- 
ence — Mechanical InvestigatioQ of Transverse Vibrations — Propa^tion 
of Trausverse \Vaves along Strings — Stationary Waves — Modes of 
Vibration deduced from Stationary Waves. 

Is Sound a " string " signitiea a cord or wire stretched between two 
fixed pointa, with a tension §o considerable that if the string is 
slightly displaced and released it vibrates to and fro, and gives out 
a musical note. In general the applied tension is the only restor- 
ing force which we need to consiaer, for with small displacements 
and thin wires the flexure is usually negligible, and the forces due 
to extra extension on displacement are exceedingly small compared 
with the initial tensions applied in practice. 

The various "stringed" instruments, as the piano, the violin, 
the harp, afTord examples of the kind of strings of which we are 
now to investigate the modes of vibration. 

Experimental Investigation by the Sonometer.— The Sono- 
meter (Fig. 40) consists of a piano wire or violin string, ah, 
stretched across two bridges on the top of a hollow wooden 
" sounding- box." It is lixed at one cud and passes over a pulley 
at the other end, so that it can be loaded to have any desired 
tension. It is convenient to have a second comparison string, cd, 
which can be tuned to any pitch by means of a wreat-pin. TTiere 
is a movable bridge.y, sliding over a scale of lengths, sa. This 
f^an be placed so as to lix the string ah at any point : or, turning 
it round, it may be used to fix any point of cd. With such an 
arrangement we may at once verify the following laws. 

The vibrations axe isochronons for a given Btring with given 
tension. — If the string is plucked, the same note ia heard all the 
time as the sound dies away, though the amplitude is continually 
decreasing. In other words, the pitch is independent of the extent 
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The frequency of vibration Is inversely as the length with given 
tension.— Tuning the two strings to unison, place the bridge / 
half-way along ab, when it will be found to give the octave of cd, 
vibrating therefore with twice the fi-etiuency. Place f one-third 
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of the way along ab, and one part will give the 6fth and the other 
the twelfth, having frequencies reapectively f and 3 times that 
of cd; and so on, the frequency always being inversely as the 
length. 

With constaot lecftli the frequency is pToportional to the square 
root of the tension or stretching weight, W. — Starling with a given 
load and the strings in unison, put on four times the load, and ab 
will now give the octave of cd. Put on nine times the load, and 06 
will give the twelfth of cd. Subdividing cd by the bridge, we 
may easily verify the accuracy of these statements, and easily, also, 
venfy the correctness of the law for any other loads. 

The tension and length being the same for two strings, their 
firequencies aie inverse]; as the aquars roots of the mass per nnit 




FlO. *).— SononiBtor.— a6, rtring with tenijon lariod by the weight W; ed, Dom- 
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length, and are independent otherwise of the material — This may 
be verified by stretching in succession two strings of known mass 
per unit length with the same load, and determuiing the ratio of 
the frequencies by the comparison string of the sonometer. If the 
strings are of the same material, their masses per unit length will 
be as the squares of their diameters, and their frequencies inversely 
as their diameters. The lengths of the comparison string in unison 
respectively with the two will be directly as their diameters. 

That the frequency should be independent of the material, 
except as this affects the mass of a given length of string, is just 
what we should expect if the restoring force is merely due to the 
tension to which the string is subjected. 
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Summing up the three foregoing results, if w be the fretjuency 
of vibration, I me length, T the tension, and m the mass per unit 
length — 



The Harmonics of a String. — If a string is pKicked at the 
centre or bowed, it vibrates as a whole, giving out ito characteristic 
note, the fundamental note. But if the string is " damped," or 
lightly pressed by a quill or the edge of a papi^knife at the 
middle point, and either half is bowed, the octave is heard. If the 
string is damped a third of the way along, and the shorter length 
is bowed, the twelfth, with three times the frequency of the funda- 
mental, is heard. Damping in succession J, \, ^, and so on from 
one end, and always bowing the shorter length, notes of 4, 5, 6, 
and so on times the frequency are obtained. The series of notes 
so obtained are termed the barmonics of the fvndameotal not«. It 
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is usual to describe the octave as the first, the twelfth as the 
second, and so on ; but it would be more in accordance with the 
mathematical treatment of the subject, which makes these har- 
monics correspond to the successive terms in the Fourier analysis 
of the vibration, if we included all the tones in the harmonic series, 
the fundamental t)eing the first, the octave the second, and so on ; 
and this course we shall here adopt. 

A simple experiment shows that when the string is damped at 
any of the points described above and bowed, it divides mto a 
number of vibrating segments, each equal in length to the bowed 
segment and separated by points at rest. Cutting a number of 
V-shaped pieces of paper and placing these inverted, as riders, 
along the string, it will be found that they are thrown off if in the 
middle of a segment, and that they remain on if at the separating 
point between two segments (Fig. 41). ITiese separating pointii 
are termed nodes, while the vibrating portions of the string are 
termed loops. Though the nodes are desci-ibed as at rest, this only 
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means that their motion is verv sniail compared with that of the 
loops. Really, of course, they must move slightly, for the energy 
of vibration comes through thorn from the buwetl segment. And 
the " fixed " ends of the string, which are also nodes, must have 
some motion, for through them the energy passes to the sounding- 
box or board on which the string is mounted. 

Melde's Experiment. — This experiment exhibits in a most 
striking way the fact that a string may be divided into any 
number of equal vibrating segments. One end of a light silk 
cord is fastened to a prong of a tuning-fork, while the other 
passes over a small pulley and has a variable weight attached to 
it. The vibrations of the fork may he either along the string, as 
in Fig. 42, A, or transverse, as in Fig. 42, B. If the fork is bowed 
or electrically maintained, and the length of the cord and stretching 
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weight are properly adjusted, the cord is set into vibration, the 
apparently continuous loops being separated by the sharply defined 
nodes. If n is the frequency of vibration of the string, a constant 
quantity depending only on the fork, the formula (see above, p. 82) 
./Tension. If, then, we tind W to be the weight 



necessary to make the cord vibrate 



9 a whole, --- will make it 



vibrate in two segments, -^ will make it vibrate in three segments, 

and 80 on. There is a difference between the two positions A and 
B of the fork. In A, when the prong is in its further position 
outward, the string is slack and at the extremity of its swin^. 
Wlien the prong is at the end of its inward swing the string la 
stretched tight. Hence the string makes only J of a vibration, 
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while the fork makes J of a vibration. In other words, the 
frequency of the string is half that of the fork. In B the fork 
swings the string to and fro »ith it, and the two have the same 
frequency. Consequently, with a given fork and a given weight 
there are twice as many loops in the position B as in A, for the 
frequency being doubled, the length must be halved. 

It will often be seen that in the position B the fork is not 
quite at a node, but at a point near the node with the same 
amplitude of vibration as the prang. 

From all these experiments we conclude that — 

A string ma,j vibrate as a whole, or in art; number of equal parts, 
its frequency being proportional to the number of parts. 

The Coexistence of Harmonics in the Note of a String.— 
When a string vibrates, it gives out really a mixture of tones, 
the fundamental note by which we describe it being only the 
first of a series of harmonics. The particular members of the 
series present depend on the mode in which the vibrations are 
excited. 

Any one with an ear capable of recognising pitch may obtain 

some verification of this statement from a piano. If c g j: m ~ 

is taken as the fundamental note, its succeeding harmonics are 
c', g^, c"-, e", and so on. Let the experimenter strike these notes 
in succession, and fix them in the mind. Then, when all sound 
has died away, let him strike c sharply and keep the key down 
so as to prolong the sound. He will certainly hear some of the 
harmonics especially as the sound gets faint; for the relative 
intensities of the harmonics change considerably as they gradually 
die awav, and the higher ones may l)ecome prominent. 

While the ear alone, will, after a little training, easily recognise 
the presence of some of the higher harmonics accompanying the 
fundamental tone, they cap liiost certainly be detected by calling 
in the aid of the Principle of Resonance. If the two strings of 
the sonometer, for example, are tuned to exact unison, and one 
of them is then divided ay the movable bridge, so as to give one 
of the harmonics when vibrating on its own account, it will be 
set in vibration when the other string is struck, if that harmonic 
is present. For this experiment exact tuning ia necessary, A 
similar experiment may be made with a piano. Let c' be pressed 
down so gently as not to sound, and let it be held down. Let 
c be now struck sharply, and then silenced by damping. It will 
be found that c' is sounding distinctly. In uie same way g and 
c", and perhaps higher harmonics, may be obtained, though the 
equal tempei'ament tuning throws the strings too far out of the 
harmonic aeries in some cases. In other cases, they are just far 
enough out for beating to occur betneen their natural vibrations 
and the forced vibrations of the harmonic of the note sounded. 

Helmholtz''s resonators, or their rough equivalents, narrow- 
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Decked vases, or narrow tin canisters, may also be used to detect 
particulai' harmonica. 

The co-existence of the harmonics in a note explains a result 
which may easily be obtained with the sonometer. If the string 
be bowed and then damped lightly at one of the nodes for any 
harmonic, that harmonic will, if initially present, continue to sound, 
though the fundiimental note is entirely quenched. Thus, if the 
string is damped at the middle point, tne octave sounds. If at a 
third of the way along, the twelfth sounds. But these must have 
been initially present, though masked by the fundamental. If the 
string is bowed very exactly at the node of a given harmonic, that 
harmonic is absent; and if the string is damped at the point of 
bowing, the harmonic is not heard. Indeed, if the bowing and 
damping are exactly at the same point, the string ceases to sound 
altogether. For the bowing only introduced harmonics which had 
no node at the point, and all these the damping extinguished. 

Note, Tone, Fundamental Tone, Overtone, &c. — It may be 
useful to recall here the definitions of these various terms already 
given. When a source, such as a string, sends out a musical 
sound, the whole sound is termed a note. 

Any musical ear assigns a definite pitch to this note, and its 
frequency may be determined, But in reality the note is a com- 
pound of notes, and the pitch assigned is only that of the lowest 
of the series. Each of the components, itself irresolvable, is termed 
a tone, the lowest the fnniUmental tone, the rest overtonas or upper 
partial touee. In the particular case in which the overtones have 
frequencies exact multiples of that of the fundamental, the whole 
series are lubrmoiiics. 



Mechanicai. Investigations of the Modis of Traksv3ebsb 
Vibration of a Strinq. 

First Hethod : Vibration of a string displaced to form a 
Curve of Sines. — in investigating the motion of a string dis- 
turl>ed in any way and then left to itself, it is usual to form a 
differential equation to represent the motion and to obtain the 
most general solution of this equation. 

But if we assume the truth of Fourier "s theorem, it is possible 
to build up an equally general solution of the problem involving 
only elementary mathematics, and as this method appehrs to bring 
out clearly the appropriateness of Fourier's theorem to the problem, 
it is the plan which we shall follow here. 

Applying the theorem to a string stretched between two 
points, we may consider ahy curve into which it is displaced as 
one-half of a periodic curve, with nodes at the beginning, middle, 
and end of the axis. Hence it can be resolved into a series of 
harmonic curves, with one, two, three, &c., arches or loops, all 
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beginning and ending — i.e. ail with nodes — at the fixed points. 
Considering one of these harmonics alone, we shall first investigate 

The motion of a string displaced to form one arch of a curve of 
sines and then released. 

Let APQB (Fig. 4f3) represent such a curve formed by a string 
of length Z=\/2, mass m per unit length, and stretched with ten- 
sion T, the equation to the curve being 

y^a sin 2TJ-/X. 

Let PQ represent an element of the string which is acted on 
by the two end tensions, T at P along the tangent RP, and T 
at Q along the tangent RQ. Let PR meet the ordinate at Q in 
T. If we replace PQ by the same arc of the circle of curvature 
drawn on a reduced scale in (2), the sides OP = OQ = p of the 
triangle OPQ may represent the two equal tensions at P and Q, 
since they are equal to each other and perpendicular to the forces. 





(V 



Fio. 43. — (1) APQB, one arch of a curve of sines of length /=X/2. The Tertical scale 
greaUy magnified. PQ an element also magnified, PT the tangent at P meeting the 
oniinate through Q in T. At the right hand (2) is drawn the oirole of corrature at 
PQ. Hie currature is here greatly magnified, so that 0P=p is much diminished. In 
the actual case both PC and QO are so nearly perpendicular to the axis AB, that T 
may be taken as representing the same point in both figures. 



On the same scale, then, PQ will represent the resultant, and be 
perpendicular to it. But as the strmg is really only very slightly 
displaced, PQ is sensibly parallel to the axis, and the resiDtant 
is tnerefore perpendicular to the axis. Its magnitude is 

^* OP p ^ 
Since the mass of PQ is m. PQ 

acceleration of PQ = • 

p m 

From Fig. 48 (2) we have approximately — 

TP2 - PQ2 - TQ(TQ + 2p) = 2TQ.P 
. 1 2TQ 
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But if PN is the projection of PQ parallel to the axis in (1), 
PQ-PN approximately, and TQ in (2) = TQ in (1). 

. 1 2TQ. ... 

and acceleration = —- ^ * — . 

FN* m 

2 /TN QN\T ... 

"PNVPN'PN^^' • • • ^^^ 

TN . 
Here ==^ is the tangent to the angle of slope at P, and is the 

ON 

value to which ^ approaches as Q is brought up to P. 

From the equation to the curve we have — 
QN = fl sin ~(x+PN)-a sin ?^, 



/,^27rPN -X^ 2m . 2irP 

I cos — 1 j + a cos -.— sm — j- 



^ ^« Sttot / .. 27rPN ,\ . . _ 2m ._ 2irPN 



o .. 2m . 5 ttPN 2m . 2irPN 

= - 2a sm -^— sm* -~^— + a cos — — sm — - — , 

A A A A 

or substituting small angles for sines — 

27r2PN« . 2m 27rPNacos2M 
^^asm-^-^ -_ ^-, 

, QN 2w2PN . 2irx 2ir 2m ,on 

whence -Sij r^-- « sm — - + -- a cos -y- . (2) 

As Q moves up to P, the first term in the value of %r^ 

PN 

vanishes, and 

TN 2ir 2m ,«. 

_._acos-^- • • . • • • (^) 

subtracting (2) from (8) and substituting in (1) 

Acceleration -i -r? — a sin — — 

AS m X 

-^.-.5^ . . . . W 

If the string is now released, this gives the acceleration with 
which each particle moves, and since it is proportional to the 
displacement y of each, in the first moment of time each moves 
a aistance proportional to y^ and each ordinate is reduced in the 
same ratio, say n : 1. 
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But . 2irx 

V = iMZ sin — -— 

is still a curve of sines, and since the amplitude only enters 
through y, the new acceleration is still expressed by (4). The 
velocity acquired in the moment of time is also proportional to y, 
so that during the next moment all the ordinates are again reduced 
in one proportion, and the velocities will be increased in one pro- 
portion, and so on during all successive moments. 

Hence the curve always remains a curve of sines of the same 
wave-length, the amplitude only changing ; and, since the accelera- 
tion at any point is always expressed by 

47r8T 

^-.i^ = f*i^,say, 

then every point of the string executes a simple harmonic motion, 
and the time of vibration will be — 

P-2^/V;i=\/^-2/A/j . . (5) 
and the frequency will be 

''^21'^m • • • • (6) 

If the time in a simple harmonic motion is reckoned from the 
instant at which the displacement has its maximum value a^ the 
displacement at time t is 

2irt 
acos— , 

where P is the period, while the velocity is 

27rfl . 2vi 

Applying these formulae to the string, which has amplitude 
a sin Stt xf\ when released at ^=0, then at t the form and the 
velocity of any point are given by — 

2iri 2vx /rm\ 

t/^a cos — - sm -^ . . . . (7) 

r- -^ sm _^- sm -^ . . . (8) 

where P = 2/^^. 

We draw from (8) the important conclusion that the velocity 
at any time can also be represented by a curve of sines, with the 
same nodes but a different amplitude. 

I^t us now suppose that the string is initially, not merely 
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reieaBed, but also projected, each point with a velocity represented 

by a curve of sines, so that — 

I . Sttx 
,.J„n 



represent the displacement and the velocity. Equating these to 
the values in (7) and (8), we find at once to what amplitude of 
vibration they belong, for — 



\' " + i„t • 

To this point we have supposed the string to form a single 
loop ; but all tiie preceding investigation will apply to the motion 
of any one of a number of loops, so long as they have nodes 
at the ends, and we get the general 
result, that if a string be initially dis- 

filaced into a curve of sines having p 
oops, and be projected with velocity 
represented by another sine curve with 
p loops, each having nodes at the ends, 
it will continue to move in a sine curve 
of p loops and with fre(|uency — 

3;^ in 

Superposition of Small Harmonio 
Vibrations. — Suppose, now, that two 
harmonic displacements are superposed. 
If the force due to the sura of the dis- 
placements is equal to the sum of the 
two forces due to the separate displace- 
ments, the acceleration is equal to the 
sum of the accelerations ; and so the 
subsequent motion is the sum of the 
two motions, and the systems can be 

superposed. mBnU {a) and (t). 

Let PQ, Fig, 44, a, represent a 
displaced element in one harmonic, with projection FN 
"ince the displacement and slope are both 



Plo. 44— (o) * 



I dieplncad 
lie; (*}tbB 
equal pro- 



aloDg the uls «l 



d<«pI*D»- 



to the I 



parallel 
exceed- 
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ingly small, P and Q remain sensibly in the same ordinate 
throughout the displacement, and PQ = PN. The force acting 
across the section at P, perpendicular to the axis, is 



Tco8PQN = T. 

T,QN 
" PN 



QN 
QP 



approximately. 



Let PQ', Fig. 44, 6, represent the same element in another 
harmonic displacement. Then P'N'=PN, €Uttd the component 
of the force at P perpendicular to the axis is 



/VT# 



FN ~ PN • 

The sum of the force is, therefore, 

^ QN + QN' 
^ PN 

But if P"N", Fig. 44, c, represents the element when having 





FlOb 45. — (a) Displacement and (6) Velocity of a 
String of length, AB=Uy=s^ 



the sum of the two previous displacements, the force across F" 
perpendicular to the axis is 



'•VTW 



», q:;n" q"n 



F'N"~* PN 
butQ''N"=QN+Q'N\ 

Hence, the total force at each end of an element, resolved 
in the direction of motion, is always the sum of the two separate 
forces, and therefore the motions may be superposed. 

Clearly, also, any number of small motions may be superposed, 
so long as we may make the approximation PQ = PN. 

We can now give an account of the most general transverse 
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motion possible for a string subject to the conditions of fixed 
ends and small slope and displacement. 

Let the curve ACB, Fig. 45, a, represent the curve of displace- 
ment initially given to a string of length I, and let UWV, Fig. 45, 
b, represent the curve of velocities of projection, both being really 
small. Then, applying Fourier's theorem to the two separately, 
each may be analysed into a series of harmonics of half-lengths, 
/, 1/2, IfS, l/i, ... and so on. 

If any harmonic appears in both series, we must suppose that 
the string is not only displaced, but also projected with a velocity 
represented by the velocity hannonic. If a harmonic appears in 
the first series only, the string is only displaced ; if in the second 
series only, the string is only projected for that harmonic. Since 
the motions are all superposable, we may consider each as going 
on separately, according to the laws we have investigated, in 
periods submultiples of 9,lJmjT, and we may build up the motion 
at any future instant out of all the components. In the time 
2/./wt/T, all the harmonics will go through a whole number of 
vibrations, and the string will return to the same state. Further, 
since only one Fourier analysis is possible, and this solution always 
constitutes a Fourier series, no new harmonics can ever be in- 
troduced. 

All this corresponds exactly with the results obtained by ex- 
periment, that a string may vibrate as a whole or in any whole 
uumber of loops, emitting notes of frequencies 1, 2, 3, . . , and 
bhat the compound note given out by the string in general con- 
sists of a definite mixture of harmonic tones. 

The Overtones not always Harmonics. — The string con- 
sidered in this investigation departs somewhat from the actual 
string, which necessarily possesses some amount of resistance to 
flexure, and which is more or less constrained in direction at the 
ends. When these conditions are taken into account, it can be 
shown that the overtones do not form exactly a harmonic series. 
It is perhaps worthy of note that the extra force due to rigidity, 
and the constraint at the ends increases the frequency of the 
string, for while the mass is the same as in an abstract string, 
the restoring force is greater. 

Another example of a string with overtones not forming a 
harmonic series is given by a string loaded in the middle. If 
the mass of this load is great compared with that of the string, 
the fundamental mode of vibration is as represented in Fig. 46, a, 
each half of the string being always straight. If M is the load, 
the restoring force for displacement y, is 2T cos NCA = 4T^/i 
nearly. ITie acceleration is iT^i/IMl, and the frequency is 



1 /I 



(1) 
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The second mode of vibration is shown in Fig. 46, 6, the mass 
M remaining at rest, and the two halves of the string vibrating. 
The frequency is 

'^'7^1 (2) 

This is very large compared with n^, since M/mZ is large. 

The third mode is shown in Fig. 46, c, the string dividing up 
into segments, so that the time of AC or DB as a uniform string 
equals that of CD with the load in the middle; and since CD 



ia) 




(t) A 




(c) 4 




id) A 




Fio. 46. — Modes of Vibration of a String loaded 
in the middle. The overtones occur in pairs at and 
near the even harmonica of the unloaded string. 



must be very small compared with AC, the frequency is only 
slightly more than n,. 

The next mode is shown in Fig. 46, d; and the next is when 
there are four loops, and a middle piece as in (c), the frequency 
being only slightly greater than in (d). Evidently the overtones 
occur in close pairs, the first members of the pairs forming a series, 
fij, ^, Sfig, 4n2, &c. Taking the case of p loops, each of length 
l^y ana a middle piece of length l^ we have 



*p+i 



1 /t" 



VELOCITY OF PROPAGATION. 

and p/| + /, = /. 

Eliminating ^ and ^ we obtain a quadratic for fip+i, of which the 
approximate solution is — 






Second Method of Investigation— The Modes of Vibration 
Deduced from the Mode and Telocity of Propagation of Waves 
along a Stretched String.— The method is not so direct aa the 
first, but as it is easy, and as it introduces us to gome new and 



valuable ideas on the relation between waves and vibrations, it 
is worthy of attention. 

The Velocity of Propagation of a Disturbance along a 
Stretched String. — Let a string of moss m per unit len^h be 
drawn with uniform and constant velocity, V, through a smooth 
tube bent into a continuous curve of any form, and let the tension 
of the string be T. If this varied from point to point, we should 
have forces tending to accelerate the string in the direction of 
motion, and V could not be constant and unifomi. Then T is 
also uniform throughout the length. 

We may imagine as especially suitable for our subject an 
arrangement like that in Fig. 47, where a frame ACB moves in 
the direction AB with velocity V, di-awing a string with the 
same velocity through a tube fixed at D. The ends are fastened 
to the frame at A and B, and the straight parts of the string 
are in one line. This limitation is not a necessity in the following 
investigation, but we may make it, since it ia required in the 
application to musical strings. 
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llie acceleration on any particle of string of small length, s, 
in the tube is altogether perpendicular to the curve, since the 

velocity along the curve is constant. Iden- 
tifying the arc s with the same arc of the 
circle of curvature, its acceleration is evidently 
V^p, where p is the radius of curvature, and 

the force on it is . 

P 
But this force must be the resultant of the 

pressure of the tube against the string and the 

Fio.4S.->Elemont end tensions of the string itself. The former we 

of utrinfg in tube, o may take as P per length 1 and + outwards. 

omiint of curvature. As to the latter, if AB, Fig. 48, represents the 

clement «, and O is the centre of curvature, the 
tensions at the ends (which are equal to each other and perpendi- 
cular to AO, OB) may be represented by AO, OB. Their resultant 
is represented on the same scale by A B. Then this resultant is 

T Ti 

AO p 

We have, therefore, for the element «, 

Ti „ msV^ 

Pi" 9 

P P 

whence p T-wiV 

P 

But if V*=T/m, P = 0, whatever p may be, and it vanishes 
throughout the tube at the same time. If we think of V as 
gradually increasing from zero, V = jT/m is a critical value. Below 
this value the string uresses inwards everywhere, and above it, out- 
wanls everywhere. But exactly at this value there is no pressure 
either way, and the tube ceases to be a constraint or guide. It 
may therefore be removed, and so long as the velocity has the 
critical value, the string will preserve the exact form of the tube 
in a fixed position, successive portions of the string moving into 
the curve as they atmc up to it. 

But now let us change the standard of reference for the 
velocity of Uie string from the tube or whatever supported the 
tube to the frame itself. The ends and straight psurts of the 
string are at rest, and the curve moves with velocity V, and if 
V = ^T ?/i, it will movo without constraint. This is, therefore, 
the velocity of pmpagtUion of a disturbance or a wave on a 
stn»tcheil string.^ 

^ The nMuier mar ea»ily obtain this velooity by a method corresponding to 
that used (or the velocity in air on pc 17, 
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An extension of this theorem to a case in which the tension and 
velocity vary from point to point may easily be roughly verified. 

Let one end of a uniform rope or cord — an india- 

rubber cord succeeds well — be fixed at some 
height, and let the other end hang down free. If 
X is the length below any point P, the tension at 
P is m^x, and the velocity of propagation of a dis- 
turbance through P is 

But comparing with the formula r' = 9o/, we see 
at once that this is the velocity of a point starting 
from rest at the free end, and moving up the string 
with acceleration g/Z. When the disturbance 
reaches the top of the string, experiment shows that 
it is reflected, and our formula tells us that, after form cord with 
reflection, it moves down the string with velocity lower and Iras 
Jffx and retardation e-ZS. At the lower end it tran'^'tting 

.^" ,1.1 ■ J*' Ti! r ■ I 1.1. w»»eHWithBccol«- 

18 reflected again, and so on. If, for instance, the ,.^^00 „j2 
last few inches of the string or cord are bent 
up and allowed to fall, the disturbance can be seen travelling to 
and fro along the string, especially if the observer looks up along 
the string. The time of passage is JiL/g; where L is the 
length of the string; and if L is 8 feet, the time is approxi- 
mately one second. 

Superposition of Small Disturbances.— By the superposition 
of small disturbances, we mean that such disturbances may travel 
either together or in opposite directions, so that the disturbance at 
any point is always the sum of the separate disturbances which 
would exist at that point, supposing each to exist alone in an 
otherwise undisturbed system. The condition for this is that the 
acceleration due to the forces brought into play by the sum of the 
disturbances is equal to the sum of the accelerations due to the 
forces brought into play by each separately. 

When this is true, evidently the motion throughout will be the 
sum of the sejjarate motions, and they will be " superposed " with- 
out modifying each other in their subsequent history. 

In the particular case of a stretched string, if the disturbance 
never moves a point out of its ordinate by a sensible amount, and 
if the stretching of any element is negligible, so that the slope is 
always infinitesimal, the investigation on page 89 shows that the 
condition is fulfilled. 

Snpeii)Osition of Two Equal Trains of Waves Moving with 
Equal Velocities in Opposite Directions.— Let two trains of 
equal waves, starting from coincidence, move in opjwsite directions 
with equal^ velocities. Let the waves be periodic curves with 
equidistant nodes, and let the ordinates at et^ual distances on the 
two sides of a node be equal and opposite, so that the second half 
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of each wave is an inverted reflection of the first half. Since the 
two trains have always moved eaual distances on opposite sides 
from the position of coincidence, tne two ordinates arriving at the 
original position of a node A, as shown in Fig. 50, are always 
equal ana opposite, so that the point remains at rest. 

If the curves representing tne waves are each originally given 
by 

^ ■> a sin 2irx/X . • • • (1) 

and if their velocibr is V, their forms, t seconds later, when they 
have moved to right and left distances V^, will be respectively 

J/ ^ a sin -jr-(* - V^) • . . • (2) 

*"^ y-a8iny(* + V0 . • . . (3) 

Adding the two 

^+y = Y = 2aco8-£V/sin-^ . , , (4) 

which is always a harmonic curve with the same nodes and 




•- -* 



Fio. 60.— Two equal wayes moving with equal yelocitiee in 
opposite directions and always baring equal and oppodte 
ordinates at the nodes ABC. 

amplitude varying from +^ to — ^ and going through all its 
values twice in time, Ay V. 

The result of the superposition, therefore, is that the string is 
broken up into vibrating loops between nodes at rest, just as in 
Melde^s experiments. 

Considering any length /=-, since the nodes are at rest we 

may fix them and cut ofl^ the outside parts of the string without 
afiecting the included part, and we have a length I vibrating in 
time 

* V V Vf- 

But we may have waves of half the length with the same end 
nodes and one intermediate node. For these, X» 2 and 



With 



.-es of one-third the length and two Intermediate 
2/ /,„ 



of vibration in 



therefore, have 
itiv with times 



and so on, forming a series of harmonic 
times 1, i, J, J, &c., of the longest time. 

All these modes may be superposed, and th( 
sary relation between tneir phases. We mav, 
any number of harmonics coexisting indejien^e 

forming a series of aubmultiples of ^\^ 

Given any initial displacement and distribution of velocities of 
a string fixed at both ends, Fourier's theorem enables us to es- 

fress these as a mixture of harmonic displacements and velocities, 
lach of these harmonics may be coiiBidered independently, as we 
have just seen, and so we have a perfectly general solution for the 
vibration of a string. 

Reflection of a Train ofWares at a Fixed Point—Stationary 
Waves. — We may regard a train of waves as containing a certain 
amount of energy which is transferred from point to point alonu; 
the string with velocity V. When this begins to arrive at the end 
of the string it cannot pass out, for the tension cannot du any 
work on the fixed point, since this does not move. TTie energy, 
therefore, remains in the string, and a thorough mathematical 
theory shows that it is reflected, and that a disturbance travels 
back. Though such a theorv is 
beyond the range of this work, we 
may take it as proved by exjMri- 
ment that such reflection does occur, 
and we may easilv investigate its 
nature, assuming that it must satisfy ""^ 
the condition that the end remains 
at rest. 

For let AB, Fig. 51, be an arch 
of a wave just beginning to arrive 
at B. If we imagine BC, an in- Ftc 
verted optical reflection of AB, to A^- ' 

i_ ■■■^ -. . tionn 

be waituig, as it were, to come on 
to the string, and to move from 
right to left while AB moves from left to riglit, it will be 
seen that B always remains at rest. Tliis is equivalent to start- 
ing a train of reflected waves moving in the direction BA. and 
coincident with the incident waves at the instant when a node of 
the latter reaches B. If the incident waves are continuous, the 
reflected waves will combine with them to form a series of vibrat- 
ing segments with flxed nodes ; and this is exactly what occurs in 
Melde's experiment (p. 83). 



-R«Hection gf a Wa>e, 
fid auil. BC. tho ReAea- 
: on to tha String. 
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Now consider a string fixed at both ends and displaced into a 
sine curve as AGB, Fig. 62. We may think of this sine curve as 
consisting of two, AHB and AH'B, each of half the height of 
AGB and superposed. When the string is released AHB moves 
to the right and AH'B to the left. At once reflections occur 
against the fixed ends, that against B being represented by sup- 
posing BKC to move towards the left, and that against A by 
supposing AK'D to move towards the left. Thus the reflections 
continue to supply the oppositely moving equal trains. This view 
of the matter shows us tnat, in regai-ding the vibrations of a string 
as made up of two opposite trams of waves, we are not merely 
adopting a mathematical device, but that these trains have a 
physical existence due to the end reflections. Such vibrations 
between fixed nodes, due to the superposition of direct and 
reflected waves, are frequently termed stationary waves. 




FlQ. 52. — Resolution of a Displacement of a String, AGB, into two half 
as large, each moving in opposite directions and reflecte«l at the ends. 

The supposition underlying the foregoing investigation, that 
the reflecting end of a string is fixed, is only approximately 
satisfied. Some of the energy does leak out by the small move- 
ment really occurring, and the waves are communicated to the 
sound-boara or framework of the instrument of which the string 
forms part. The energy of vibration, therefore, gradually dies 
away, and the reflected waves are not quite as large as the direct 
waves. Of course, this leakage through the ends is not the only 
one. Some leakc^e occurs through bending the string against the 
" viscous ^ part of the resistance to flexure, and some energy goes 
directly into the air. But inasmuch as many hundreds of vibra- 
tions may succeed each other without serious diminution of ampli- 
tude, the results obtained, when we entirely disregard the leakage 
of energy, are a very fair approximation to the truth. 
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PIPES AND OTHER AIR CAVITIES. 

Contents. — Sounds from Pipes closed at one End or open at both Ends — 
Modes of Vibration of Pipes — Pipes used as Musical Instruments — Reed 
Pipes— The Velocity of Sound in Pipes— Kundt's Dust-Tube — Pressure- 
change, and Motion in Organ Pipes — Sounds from other Air Cavities- 
Vibrations of Liquids in Pipes. 

In a large number of musical instruments the vibrating source of 
sound is the column of air in a pipe. The shape of pipe and the 
mode of excitation vary greatly, but the general laws of vibration 
are approximately the same in all cases. We shall, theref6re. 
begin with an account of an experi- 
mental investigation, which may be 
easily made in the laboratory, of the 
mode of vibration of the air in cir- 
cular tubes when excited by resonance. 
The abstract nature of tlie case, that 
is, its freedom from the complications 
necessary in practical instruments, will 
not be found to render the laws ob- 
tained inapplicable to such instruments. 
Pipe diosed at One End. — A con- 
venient form of pipe closed at one end 
consists in a glass tube of circular sec- 
tion, say 50 cm. long and 2 or 3 cm. 
in diameter, held vertically, with the 
open end upwards, and the lower end 
connected, as indicated in Fig. 53, with 
a reservoir of water. This reservoir 
can be moved up and down so as to 
vary the level of the water-surface in 
the pipe and at the same time to 
vary the length of the column of air. 
A vibrating tuning-fork is held with 
one prong over the open end to throw 
the air into vibration. The forced 
vibrations executed in unison with 
those of the fork are in general feeble, 

though quite audible ; but if the water-level be varied by raisuig or 
lowering the reservoir, at one particular level the sound increases 




Fio. 53.— Pipe open at the 
upper end, closed at the lower 
end by a water-surface, of which 
tho level may be varied by raising 
or lowering a water-cistern con- 
nected by flexible tube, Tho vibra- 
tion excited by a fork. Besonanco 
where the length of the air column 
is a quarter wave-length of tho 
fork. 
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enormously. The pipe is then of such length that its own frequency 
is equal to that of the fork. In fact, the pipe resounds to the 
fork. The fork by itself in open air can only slightly affect the 
air, and so it only slowly loses its energy. But if it is held over a 
column of air in unison with it, it can give up its energy compara- 
tively rapidly to the column ; which, in turn, gives out its energy 
to the surrounding air in the form of large sound-waves. 

When experiments are made with pipes of different diameters, 
it is found that the length of pipe resounding to a given fork is 
nearly, but not quite, constant, the length diminishing as the 
diameter increases. It is not very wide of the mark to take as 




Fio. 54. — CA, CA', extreme positions of the prong of a 
fork exciting resonance in the pipe closed at H. 

the result of experiment that, for a given frequency, length + 0*6 
radius is constant.* We may term this the coiTected length. 

If experiments are made with different forks, it is found that 
the corrected length resounding to a fork is inversely as the fre- 
quency of that fork, and that it is one-fourth of the* wave-length 
in air of the tone emitted by the fork. 

A general explanation of this relation may be given as follows : — 
Let CA, CA' (Fig. 54), be the extreme positions of the nearer 
prong of the fork. As it starts from CA towards CA' it com- 
presses the air in front of it, and the compression moves down the 
pipe. When it reaches the lower end, B, the air rushes down 



* Ravleigh, Sound, vol iL § 314. 
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against the end and reboniiils. so timt the low est Inyer rushes up 
and pushes against the nest lowest layer ; this pushes against 
the next, and so on. This means that tlie compression is reflected 
as a compression. If the length of the pipe is \/4, the total dis- 
tance traversed down and up again is X/S. When, therefore, the 
front part of the compression gets back to the open end, the fork 
will just be at CA' ready to return. The rush out of air which 
forms the compression will thus agree with the motion of the fork. 
Considering now the second half of the vibration, in the motion 
of the prong from CA' to CA a rarefaction is sent down the tube. 
But the previous compression, which is meanwhile coming up to 
the open end, finds there a large space to expand into, viz., the 
open air, and so the air rushes out. But the outrush does not 
cease when the pressure falls to its nomial value, for the momentum 
acquired continues the outrush. Consequently, there is a fall 
below the noiTnal pressure, and this is propagated down the tube. 
In other words, the compression coming up is reflected back at the 
open end as a rarefaction, and the wave thus sent down agrees 
with that sent at the same time by the fork. It is easy to see 
that the rarefaction travelling downwards is reHected at the closed 
end as a rarefaction, and that it will come up to be reflected at 
the upper end as a compression agreeing with the compression 
which the fork is then sending down. The fork and the air in 
the pipe, therefore, agree in their motion, and tlie fork will con- 
tinue to do work on the air and vield energy to it until all the 
air at the end of the pipe is moving through as great an ampli- 
tude as the prong of tlie fork. 

We may here anticipate the result of a more thorough 
investigation in saving that an approximate representation of 
the motion of the air in the pipe is given by the up-and-down 
motion of a spiral spring hanging downwards from a nsed point, 
the point of support representing the closed end. In practice it 
is necessary to load the spring at the lower end, in order to reduce 
the frequency ; but if we could make it vibrate slowly under its 
own weight alone, the analogy would be complete. As witli the 
spring, so with the pipe, the whole of the air simultaneously closes 
in during one half of the vibration and opens out during the other 
half; and as with the spring there are the greatest variations of 
tension with the least motion at the fixed end of the spring, so 
there are the greatest variations of pressure with the least motion 
of the air at the closed end of the pipe. And as there is the 
greatest motion and least variation of tension at the lower end of 
the spring, so there is the greatest motion and least variation of 
pressui-e at the open end of the pipe. In a vibrating string the 
point of least motion is termed a node, and the point of maximum 
motion a loop. These names are usefully employed also to 
designate the points of minimum and maximum motion of the air in 
a pipe. A clo[,ed end is therefore a node, and an open end a loop. 



102 



PIPES AND OTHER AIR CAVITIES. 



We may indicate the motion of the air as in Fig. 55 (1), where 
the arrow above the pipe shows the direction during the first half of 
the vibration, and that below, the direction during the second half. 

The Overtones of a Pipe Closed at one End. — By holding 

over the open end forks of different frequencies or by varying the 
length for a given fork, it may be shown that the overtones are 
the odd harmonics having frequencies, 8, 5, 7, &c., times that 
of the fundamental tone. None of the even harmonics are 
present. These overtones are the fundamental tones of pipes 
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FlO. 55. — Modes of Vibration in the Fundamental Tone (1), and 
the harmonics (3), (5), (7), of a pipe closed at one end ; (3a), (5a), 
and (7a) show the smaller pipes into which we may suppose the full 
length to be broken up when the harmonics are sounding. The 
arrow-beads aboTe show the direction of motion in one half, those 
below in the other half of a Tibration. 



having lengths |, ^, \^ &c., that of the pipe under consideration ; 
and we may explain their existence by supposing the pipe to 
divide itself up into segments separated, by nodes, each complete 
segment acting as two pipes with their open ends towards each 
other, as indicated in Fig. 56, (8a), (5fl), &c. These nodes in the 
first harmonic are therefore \ and \ of the way down. In the 
next they are ^, f , and \^ and so on. It is easy to see that we 
can only break up the whole length into, an odd number of equal 
pipes with one end closed, euad so only the odd harmonics exist. 
Pipes Open at Both Ends. — ^llie fundamental tone of a pipe 
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open at both ends has the same frequency as that of a pipe closed 
at one end of half the length. This may be shown by taking an 
open tube nearly twice as long as a given pipe which is dosed at 
one end, and which reaounds to a given fork, and putting a small 
shding tube at one end, so that the length may be adjusted. The 
open tulie will resound to the given fork when of about twice tlie 
length of the closeil tube, and if the correction 06 radius be applied 
to each end of the open tube and to the open end of the other 
pipe, the corrected lengths are, within the range of experimental 
error, as S : 1 . 

We may represent the vibration of the air in the open pipe 
as like that in two pipes closed at one end and set wnth tneir 
closed ends together, as in Fig. 56 (la), the air in both closing in 
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Fia.S6.— Uodwaf Vibmtioniatha PundanisnUl Tons (I), Lad En tfas 
hatmonie. (3) and (S) of a pipa opoo at both and> ; (lo). {2a). \Sa) ihow 
tb« pipe) cloaed at one and, into nhioh ws may auppoia [ha full laogth 
to b* broken up. 

towards or opening out from the closed ends at the same time 
in each. The motion of the air in the two halves of a complete 
vibration is shown by the arrows in Fig. 56 (1), the upper arrows 
for the first half, the lower ones for the second half. 'ITie air in 
the middle of the pipe is therefore always at rest, but is subject 
to variations of pressure. There is, consequently, a node there. 
At the open ends there are small variations of pressure but 
maximum motion, and the ends are loops. 

The Overtones of a Pipe Open at Both Ends. — Experiment 
shows that the overtones of such a pipe form a complete naniionic 
series, with frequencies S, 3, 4 . , . times the fundamental frequency. 
Figs. 56 (2) and (3), with their decomposition into pipes closed 
at one end in (Sa) and (3a], sufliciently show the nature of the 
vibration in the successive overtones, and evidently the process 
of decom posit ioi can be carried on iniletinitely. 
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Explanation of the Modes of Vibration in Pipes as Con- 
sisting of Stationary Waves Formed by the Superposition of 
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FlO. 51.— Fommlion of Stationary Whtsi l.y opporita tnutiuns of 
traini. (1) Tb« two train* coincirje, anil each ia reprcMDtcd b; the 
line ; thalr reiulUnt it reprewntad L'> the dotted Hue. |2)-(5| I'(»iti 
Bucreuite inter>&l> uf */4t', tbe dotted lias nlwajB thovin^ tlie resi 
(6) A poiitioa in termed ialo Iwtweea (I) anil {2), abowini; that tbe dihIcs are 
ulwaya liied. 

Direct and Beflected Waves.— We may reganl the varioua 
modes of vibration of the air in pipes, an consisting in the forma- 
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Lion of stationarv waves similar to those on strings, liiscussed in 
the last chapter, nnd due to the reflection of the cli&turhanees at 
the oj)en and closed ends. 

Let us first consider the result of two trains of equal simple 
waves of wave-length X, moving with equal velocities, each (J, in 
opposite directions. Fig. 57 (1) represents three waves in each of 
the two trains at the instant of coincidence. The resultant displace- 
ment is represented by the dotted line ; (2), (3), (4), and (5) repre- 
sent the positions of the two trains at successive intervals of time 



4U' 



and in each case the dotted line is the resultant displacement. 

The thick lines in (3) and (6) indicate the coincidence of the two 
trains. In (6) a position is taken intermediate between (1) and 
(2). An inspection of the figures is sufficient to show that at the 
points A, B, C, D, E, the air is always at rest, and that the dis- 
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Fia. 5B.— (1) Rsflectian at a Risid Well forming (3) ■ ut of SUtionarj 
WaT« with ■ Node at tbe Wall. Tba nflectioD may be mppuied to occnr 
by iDortng on tbe mrei on the rigbC in (1). 



placement of the intervening air is always represented by a sine 
turve, which oscillates between the two extremes represented in 
(l)and (3). The time of a complete vibration is that occupie<l 

between (1) and (5) or =i. The two trains therefore form a series 

of stationarv waves. 

Such stationai-y waves mav be formed in practice, in a manner 
similar to those on strings described on p. 96, by the superposi- 
tion of a sei'ies of waves incident normally on a surface, and the 
waves reflected by the surface, when there la no loss of energy on 
reflection. 

Thus when reflection occurs at a rigid wall, none of the energy 
can be transmitted onwards, and the reflection must be of such a 
kind that the layer of air immediately in contact with the wall 
remains at rest throughout. For if it moved from the wall, it 
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would have a vacuum on one side and nearly atmospheric pressure 
on the other. The layer being thin and of exceedingly small mass, 
would thus be subject to a finite force and an exceedingly great 
acceleration. It would therefore at once be driven back on the 
wall. Now such reflection is obtained if we suppose that at the 
instant when a node of the incident waves reaches the wall, as in 
Fig. 58 (1), a series of waves, the continuation of the incident 
waves, is ready to move on in the opposite direction. The two 
trains will be just like those in Fig. 57, and will form a stationary 
system represented in Fig. 58 (2) ; the wall will always be a node. 
It is important to observe that compressions are reflected as com- 

fressions and rarefactions as rarefactions, as will be seen from 
1g. 58, where the various parts of the waves are marked as 
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Fio. 59. — (1) Reflection at a Yielding Wall forminf? (2) a set of 
Stationary WaTos with a Loop at the Wall The reflection may be 
■apposed to ooour by moTing on the waTes on the right in (1), and it 
will be -seen that thia implies a change in phase at reflection. 



compressions and rarefactions, and similar states are seen to be 
equidistant on the two sides of the wall. In other words, there 
U no change of phase in reflection against a perfectly hard wall. 

But reflection may occur against a veiy yielding wall. For 
imamne that there is a surface sepaiatinfif a denser from a very 
much lighter medium, as in Fig. 59. When the variations of 
pressure come up firom the left to the surface YY and begin to 
move into the new medium, they will almost disappear, for this 
medium being very much lighter, a difference of pressure on two 
sides of a layer of it will produce much greater motion. The layer 
moves therefore much more readily, and either makes room for the 
compression to expand, or itself expands and fills up the rarefaction, 
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in each ca§e bringing back the pressure towards the normal. But 
this reduction of pressure towards the normal implies reflection, 
This may be seen mosteasily if "e take the extreme case of complete 
reduction to the normal, so that there is no pressure variation. 
For then the work done on the light medium during the outward 
motion is equal to that done on the heavy medium during the 
return motion. On the whole, then, no energy is sent across the 
separating surface, and the quantitv returned must equal that 
arriving. Now, taking another point of view, consider a com- 
pression arriving at Y. The particles in a state of compression 
would, if the denser medium were continued, move a certain 
distance out and then return. But, as we have just seen, the 
first layer of the rare medium allows a much greater motion and 
goes much farther forward than the denser layers would do in the 
same place. It therefore draws awav from the layers on the left, 
and forms a rai-efaction which is pi-ojtagated in the opposite direc- 
tion, that is, backwards from Y, Similarly, when a i-ai-efaction 
cinnes to the separating surface, the layer in front moves back 
much more readily than it would have done if it had been of the 
denser medium. The backward motion is, therefore, niuch greater, 
and so a backward motion of the particles is propagated back, i.e. 
a compression is reflected. The reflection tbereforfl ocean with a 
change of phase, and the waves go back as if they had lost or 
gained half a wave-length by the reflection. 

Taking the extreme case, in which the medium to the right is 
so light that it destroys all variations of pressure, and therefore 
reflects all the incident energy, it is easy to see that we obtain the 
condition of no variation of pressure by supposing that the series 
of waves on the right in Fig. 59 (1) are ready to move to the left; 
when the waves on the left reach the separating surface. In Fig. 
59 (2) the stationary waves so formed are represented. There is 
evidently a loop at the surface, and a node a quarter of a wave- 
length away. 

This mode of reflection practically occurs at the end of an open 
pipe. For though the air outside is of the same density as that 
within, its freedom to move on all sides has the effect of reducing 
the pressure towards the normal value, the essential feature in the 
explanation just given. But the reduction is not complete, as it 
would be were the outside medium of less density. Hence the end 
of the pipe is not exactly a loop, but only near a loop. This 
necessitates the apjilication of an "'end correction," which may be 
calculated on certain suppositions.' The calculations are not, 
however, exact. Nor are the experimental determinations as yet 
satisfactory; but meanwhile we are not likely to be far wrong in 
taking the value for a circular pipe as a virtual addition to the 
length of 0'6 X radius. 

We may now apply the foregoing investigation to explain the 

' Ravleigh. Souiut. vol. IL i 314. 



108 PIPES AND OTHER AIR CAVITIES. 

existence of stationary waves in pipes. Imagine a series of waves 
travelling from left to right in a pipe, Fig. 60 representing the 
displacement curve. Then, placing a rigid wall at any of the 
noaes, such as G, we shall obtain a reflected train moving from 
right to left, and forming with the incident train a system of 
stationary waves. G may represent the end of the pipe if closed. 
Or, if the end be open, we may place a yielding wall at any of the 
loops, such as P, and we again ootain a series of stationary waves. 
In order to continue to supply the series of waves from left to 
right, we may imagine anotner wall or closed end placed at any 
node to the left of G, such as F or E, or another yielding surface 
or open end plcured at a loop, such as P, N, or M. The reflected 
train sent back from right to left will be again reflected from left to 
right, and so continue the incident train. Thus a pipe closed at one 
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end and open at the other may have length from G to P, or from 
G to N, and so on, or -, -j, — , . . . ; while a pipe open at both 

TT tI* tI* 

ends may have length from P to N, or from P to M, and so on, or 
\ 2X SX 

The time for a stationary wave to complete its vibration is 
equal to that taken by either of its constituents to move through 
X, viz., X/U. 

If we keep the length of pipe / fixed, we see that the lengths 
of stationary waves which can be formed in it are — 

For closed pipes . • • . A = 4/, 5-, — , &c, 

.,, - 4/ 4/ 4/ . 

with frequencies • • , ^ir irrff ?t^> <^'c., 

U oL 5u 

2/ 2/ 

and for open pipes • . A = 2/, jr- 5-, iS:c., 
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Pipes Used as Musical Instruments. 



.„ r . 2/ 2/ 2/ « 

with frequencies . • . „ -— -— , &c. 



The simple form of pipe which we have been discussing is most 
nearly approached in the instrument known as the Pandean Pi{)es, 
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probably somewhat as follows, though the esplntiation is by no 
means verified as yet. For simplicity we shall suppose the pipe 
"stopped " at the upper end. If the stream of air is directed to 
the inner side of the sharp edge, it "ill add to the quantity of 
ail' in the pipe, increase the pressure and bo send a compression 
up towards the other end. If, on the other hand, the stream is 
directed to the outer side of the edge, it will rarefy the air in 
the pijie, just as a stream of air blown straight across the mouth 
of a tube tends to draw the air out of it. The draught up a 
chimney without a fire in a steady breeze is a case of such suction. 
The streaDi is probablv so directed that a very slight disturbance 
will send it to either side of the edge. 

Now let us suppose that during the first moment of blowing 
the air is accidentally directed « ithm the pipe. A compression is 
formed and this travels to the stopped end. where it is reflected as 
a compression. It then travels back to the open end, where there is 
an outrush. Now even had the stream through the slit ceased, the 
outrush would have sent a rarefaction up the tube. But the stream 
is still flowing, and the outrush deflects it to the outside of the 
etige. where its suction action inci-eases the rarefaction. When the 
rarefaction returns after its journey up the tube, there is an inrush 
of air from without, starting a compression. But with this inrusfc 
the stream is again brought inside tne edge and the compression is 
increased. This process goes on, the successive conijiressions and 
rarefactions increasing until the work done by the stream of air 
on the pipe is equal to the energy radiated as sound. The time 
iluring which a complete wave, compression + rarefaction, issues 
fi-onj the pipe is evidently that taken by two journeys up and 
down the pipe, or the length of the pipe is X/4. 

The explanation for an open pipe is similar, but complicated 
by the fact that there is a change of phase in reflection at eai-h end. 

This explanation so far gives no account of the fact that the 
tone of a pipe rises slightly with the strength of the air stream. 
This is so well known that in some organs provision is made for 
blowing certain pipes with one definite pressure of air and no other. 
Nor does it show how it happens that when the velocity of the air 
stream is sufliciently increased the pijie ceases to sound its fun- 
damental and the first overtone is the lowest tone given out. 
Perhaps when the stream of air across the open end of the organ 
[ripe increases considerably in velocity, the suction action aids the 
conversion of a compression into a rarefactiou, and the compressing 
action aids the opposite convei-sion so much that the open end 
approaches sensibly nearer the ideal of a pei-fectly yielding sur- 
face, and therefore, the " end correction " is diminished. As to 
the tendency to give the overtone with a high velocity, we may 
perhaps finu an explanation in supposing a quasi-elasticitv given 
to the sti-eara as its speed rises, making its time of return after dis- 
turbance diminish, Certainly disturbances will be more quickly 
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carried off, and the streiiin near its outlet will sooner resume its 
nomial line of flow with a quick than with a slow velocity. It is 
possible then that, after a certAin speed is ■'cached, it is difficult for 
the fundamenta] tone to deflect the stream for the requisite time 
of a semi -vibration. The overtone is able to do it for the shorter 
time of its semi-vi brat ion, and so continues to be reinforced while 
the fundamental tone dies away. This explanation must be taken 
merely as a speculation.' 

It is necessary to have simple methods of tuning pipes when 
they are usee! in organs. With open pipes there is geneially an 
opening in the side near the top witn a 
tongue of thin metal which can be bent 
more or less over the opening, thus altering 
its size and the amount of conmiuincation 
with the outer air. With metal pipes it is 
sometimes sufficient to slightly after the 
shape of the pipe, liending the top edge 
inwards to flatten, and outwards to sharpen 
the note. In many pipes there are side- 
plates, one on each side of the embouchure, 
and by bending these in or out the same 
effect is pnxluced as by contracting or ex- 
panding the upper end. 

Stopped-organ pipes are alwavs closed 
Dy a piston fitting rather tightly in the 
upper end. They are tuned by moving 
the piston up or down. 

The nature of the motion in an open 
pipe may be illustrated by lowering into 
the pipe a drumhead of paper stretched 
over a ring, with a. little sand scattered 
over the paper. At a node, with no motion 
and only variation of pressure, the pajier 
is still ; but as the drum passes a noiie 
and moves towards a loop the motion in- 
creases, the paper is shaken up and down 
and the sand makes a rattling sound. 

Koenig has devised a very interesting 
mode of exhibiting the variations of pres- 
sure at the nodes by fitting three niano- 
metric flames (see p. 4G) on to the sides 

of the pipe, as shown in Fig. 63, the membrane at one side of the 
gas chamOCT of each flame forming part of the wall of the pipe. 
\Vhen the pipe is sounding its fundamental tone, the middle point 
' It may, perhaps, be pat in anocher waj as follows. A jet of aii iasuing from 
an griAce with a givett velocity is mutable wbeD diatarbed lisusTersel; b? waves, 
of a given range of frequency (see p. 141 J. Wbeo the air blowing tbe pipe attains 
bigb velocity, it may approach tbe ralae wbich is anstable for the Gi^ overtone, 
while siable for tbe fnnda menial. Hence the jet may move in and out of tbe 
pipe more easily for tbe orertone and maintain that wbile ceasing to maiotain 
tbe fnudamental. 
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at that po^l 



is a node with variations of pressure, and the flame at t 

jumps up and down uioi'e than the other two. When the air 
blast is so far increased that the TundAmental gives jilace to the 
tirst overtone, the middle point is a loop with no pressui-e variation, 
and the middle flame is still, while the other two, being at or near 
nodes, are greatly affected. 

Reeds. — A reed consists of a tongue of metal Hxed at one 
end and with the free end over an orifice, through which air 
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^^^^^^^V is forced. The reed may overlap the orifice, when it is tem 

^^^^^^H a beating reed, or it may be less than the orifice, when it is termed 

^^^^^H a free reed (Fig, 64). The wind blowing past the edges of the 

^^^^^^B reed sets it in vibration, and so it alternately checks and allows the 

^^^^^^1 flow of air, and produces a regularly intermittent disturbance. In 

^^^^^^K instruments of the harmonium and concertina class there is no ac- 

^^^^^^■^^^ companying pipe, and the reed is alone concerned in the sound p«^ 

^^^^^^B^^H duced, the note depending chiefly upon its elasticity, materiai 
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form. Hut the orifioe and stream of air are essential in the production 
of a loud sound, and doubtless modify the frequency of the reed. 

In the organ, the reed is used in general in conjunction with 
a pipe which serves as a resonator reinforcing the tone given out 
by tne reed. Tuning is eft'etted by lengthening or shortening the 
vibrating tongue by moving a wire which presses hard iigainst it. 
This is siiown in Fig. 64., C. 

The flute and flageolet are similar in their action to open 
organ-pipes. In the former, the player blows against the sharp 
edge of a round orifice in the side of the pipe, and in the latter 
the mode of excitation is exactly the same as in the organ-pipe. 
The length of effective pipe is varied by unstopping openings 
with the fingers or by opening valves. 

There are several month instruments, as the clarionet and 




FlQ. 66, A.— Tbe tnryDi, u nean wiUi 
tb« laryngoscope. Z, tbe tongue ; St 
•piglgttb ; V, ToltecuU ; S. glottis ; Lv, 
tnis Tocal ohorda ; SM, dniu Morgngni ; 
Lvt, false Tooal cbords ; P, poeitiun of 
pharyni ; .S', cnrtiUga of SHntorinf ; W, 
of Wrisberg ; Sp, i-iout piriformes. 

oboe, in which the reed is used ; but in these it executes forced 
vibrations, being to a large extent, though not entirely, governed 
by the length of pipe. It may l>e regarded chiefly as emphasising 
the intermittent character of the stream of air which keeps up 
the vibration in the pipe, though it is not without some influence 
on the length pi-oducing a given note. 

In mouth instruments, such as the tnimj>et and horn, the lips 
of the player serve as exciters of the vibration. They are stretched 
more or leas tightly across the mouthpiece, and when the breath 
is forced through them, they each act as a kind of reed, forming 
together what we may term a double reed. The note they give 
varies with the tension to which they are subjected. The player 
can extract &om the instrument either its fundamental or any 
one of a certain range of overtones by modifying the tension of 
the lips. In some instruments of thiii class the notes can be varied 
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eit'ective length of the pipe is shortened and the fundamental tone 
and all the harmonics are raised in pitch. 

The human voice-organ may be regarded as a duuble-reed 
instrument. In the larynx — the passage from the lungs — are two 
membranes, the vocal chords, just Ijehind the projection in the 
throat known as " Adam's apple." These are attached one to 
each side of the larynx with a free straight edge across the tube 
(Fig. 65, A and B). 

When we wish to soul '. the voice, we draw these membranes 
tight by a muscular effort, so that their edges are nearly parallel 
and nearly touching (Fig. 65, B). The larynx is thus nearly 
closed, and on forcing out the breath from tbe lungs, we make 
the vocal chords vibrate as a double reed and give out tones to 
which the cavities of the mouth and nose resound, and so the voice 
is produced. 

The Velooitt of SonsD in Pipes 

An approximate value of the velocity of sound in free air 

may be obtained by the experiment i-epresented in Fig. 65, C, 

_ remembering that the length of the 

^^ 1 . pipe is a quarter of a wave-length. 

For if X is the wave-length, n the 

frequency of the note sounded, 

«A = U, 

but X = 4L, where L is the corrected 
length of the pipe. Then 

U = inL. 

But the velocity so obtained is not 
<iuite that of a wave in fi-ee air, but 
of a wave in the pipe used, and sub- 
ject to the constraint and consequent 
friction of the sides. Both experi- 
ment and theory show that the velo- 
city diminishes with the diameter of 
the pipe. This dejiendence came out 
very clearly in Keguault's experiments 
on the velocity in tubes (p. 28). Thus 
he found that the velocity in a tube 
10-8 cm. in diameter was 324-S5 




Fra. 66, C— Pipe opsn at tba 
upper end, closed at tbs lowor 
end by & miter-eurfiLcii, of wbicL 
the lare] may be Toried by rainog 

nootedbj-fleiibloUibe. Tbaribra- 
tion eiciUiil by n Tork. KoianuiCB 

wlierB tbe length of the wroolumn , i -i - 1.1. tin 

>. K qnirter war^lengtJ. o( tbe ni./sec., whUe in a tube 110 cm. wiue 
fork. it was 330-3 m./sec., tending towards 

an upper limit as the diameter in- 
creased. Several experimenters have sought to detennine the 
relation between U and the diameter D. It will be sufficient 
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if we here refer to a research b^ Bkikley.' He used an organ- 
pipe with a pear-shaped cavity just above the speaking mouth, 
continued into a straight cylindrical pipe with a sliding plug 
in it. He first made the tube sound when the plug was in a. 
given position, and then moved the plug out- 
wanis to such a position that the pijie cuuld 
give the same note as before. The aflded 
length was the distance between two nodes . 1 " S 

or JX. _ _ 1-3 = 1 

Experimenting witli several tubes, he found .S J ., 

very satisfactory agreement with the formula 
already given on p. 28,* 






S":§ 



where Uo is the velocity in open air, D the 
diameter, and N the frequency. The most 
satisfactory value for Ug he found to be 
331-676 m./sec. 

Kondt's Dust Tube Method.— Kundt de- 
vised a very beautiful method of showing the 
mode of vibration in a tube closed at both 
ends, and of determining the velocity of air 
waves in such a tube. The apparatus is re- 
presented diagram niatically in Fig. 66. The 
" wave-tube," which must be very dry, has a 
little lycopodium dust scattered along it. It 
is closed at one end by a tight piston, a, and 
near the other end is a loose piston, b, at the 
end of a glass or metal rod — the sounding-rod. 
This is clamped firmly at its middle point, d, 
and on stroking it with a wet cloth if glass, 
with a resined leather if metal, it vibrates 
like the air in an open pipe, giving its funda- 
mental tone, d being a node and b a loop. 
The piston at b communicates motion to the 
air in the wave-tube, and if the piston at a is 
carefully adjusted to some particular position, 
exact resonance occnra and a loud clear note 
rings out- The lycopodium dust is caught 
up by the air moving at the loops, and settles 
down where there is no motion, that is, at the nodcH nnn. 
The process may be watched, for at each stroke of the exciting 
rod clouds rise from the loops, and the heaps collecting at the 
nodes increase. The velocity of sound in the niaterial of the 
sounder being many times that in air, there may be many nodes in 
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the wave-tube, the first being at a and the last near h. TLTie piston 

b is the source of the energy, ami connnunicrttcs all the motion to 

the air. But the amplitude of vibration in the air soon far exceeiia 

that of the rod, so that the motion of b corresponds 

to that of a point much nearer a node than a loop. 

. Hy measuring the average distance between the nodal 

2 I heaps the half wave-length in the tube is detennuied 

S.^ with some exactness, ana thence U = h\ may be found. 

— M L S Replacing the air by any other gas, the velocity in 

that gas may he determined. 

Id the first form of the apparatus the sounding- 
rod was clamped at its centre by the cork closing 
the end of tlie wave-tube. The vibrations were 
thus communicated to the solid walls of that tube, 
and not only were the appearances complicated, 
but the note was rendered slightly variable. Kiindt 
finally adopted a form, represented in Fig. 67, with 
two wave-tubes contatmng difi'erent gases and a single 
Bounding-rod, This was supported at \ and J of 
its length, the nodal points for its first overtone, 
by passing it through india-rubber sheets covering 
the ends of the wave-tubes, and it was sounded 
by stroking it in the middle. The same note was 
of necessity sounded in the two tubes, and the india- 
ruhber connection between sounder and wave-tube 
did not carry much vibration from one to the other. 
Kimdt foimd that for a given gas the velocity 
increased with the iliameter of the tube and the 
wave-length, while it decreased with the roughness 
of the tube and an excess of Ivcopodium. He 
showed that the velocity was inclependent of the 
s 3 I pressure and proportional to the square root of 
S I u the absolute temperature. He also found relative 
gr"! values of the velocity in different gases, taking 
^■g!g that in air as 1. Wiillner, using Kundt's method, 
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and applying to his results KirchofTs modification 
^ of Helmholtz's formula for the velocity in tubes, 
g calculated the following velocities at 0° in free gas: — 



^J 



Carlwn monosii 
Carbon dioxide 
Nitrous oside 



331'90 
33713 
259-38 



Kundt and Warburg have used the double wave-tube to deter- 
mine the ratio of the specific heats or 7 in mercury vapour.' 

' Pogg. Ann.. cML, 187R, p. 353, 
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One tube contained air, and the other, which was sealed, contained 
mercury vapour maintained at a. high temperature iu an oven. 
As dust to show the nodes quartz sand was used, and from the 
experiments the velocity U was determined. But (p. 20) U' — yP/p. 
The temperature and the molecular weight of mercury gave P/p, 
and hence y could he determined. It was found to be 1'66. 

Kuudt's single tube method has been used by RAyleigh and 
Ramsay {Phil. Trans., 186a, 1895, p. 187) to determine 7 for 
Argon, and by Ramsay (Proc. Hoy. Stic., viii, p, 86) to determine 
it for Helium." In each case the value found was 1-66. 

Experiments on Pressure-Change and Motion in Organ- 
Pipes. — Kundt^ devised a water manomeler, provided with a 
valve whicli could be fixed at any point in the walls of a pijie. The 
valve opened outwards, and allowed a little air to escape into the 
manometer at each compression, until the pressure in the mano- 
meter was equal to the maximum pressure occurring within the 
tube at the point. The valve consisted of an india-rubber or 
gutta-percha membrane over a narrow slit in a metal plate. It 
was stretched so as not to be very diU'erent in tone, when blown 
as a reed, from the organ-pipe to which it was attached. This 
ensured its quick response to variations of pressure. By making 
the valve open inwards, the minimum pressure could be measured. 
In a closed pipe SO cm. long Kundt found differences of pressure 
amounting to 30 cm, of water on each side of the normal pressure, 
say l/34th of an atmosphere. From this we may calculate the 
amplitude of the vibration, for the stationary wave in the pipe 
may be regarded as made up of two equal and opposite progressive 
waves, to which we may apply the investigation of Chapter II, 

Let the amplitude in one of these waves be a, the maximum 
velocity of a particle in the wave u, the frequency m, and the 
variation of pressure p, while the velocity of sound-wave is U 
and the normal pressure is P. Then, if the particle moved round 
in a circle on its actual path as diameter with a uniform velocity 
equal to the maximum w, it would go round the circle in the time 
of vibration in the actual path. In one second it would travel 

But (Chapter II. p. 18) 



Tlien eliminating u 



U E yP* 



7.P 2ir« ■ yP S^' 



where / is the length of the pipe. 
Using the values of the quanti 

/ = 30,p/P=l/68, 
and putting 7 = 1*4, we find that at the open end of the tube 



s given a 
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We niiist double this for the stationary wave, and again for the 
whole swing. Thus the extent of vibration is nearly 1 cm. 

Another method of investigating the range of pressure has 
been devised by Topler and Boltzmann. This depends on the 
lengthening and shortening of the path of one of two interfering 
beams of light, and the consequent shifting of the interference 
fringes by the compression and rarefaction of the air in the pipe. 
In a particular case, they deduced an amplitude of 025 cm.^ 

Mach* investigated the excursion ciirectly by the following 
method. An organ-pipe was fixed horizontally, and along the 
top wall on the inside ran a platinum wire previously wetted with 
Bulphuric acid. When the wire was heated by an electric current, 
a fine line of vapour descended from each drop. ITie pipe was 
closed by a membrane at the centre to prevent any through 
draught of air, and when it was blown, the lines of vapour were 
carried to and fro ; one of the side walls was of glass, so that the 
lines of vapour could be seen, and their extent of excursion 
measured by a stroboscopic method. The excursion at the end of 
an open pipe 125 cm. long was O"* cm. 

A very simple method of showing the vibrations in the air just 
outside the end of an organ pipe has been devised by Prof. C. V. 
Boys. The pipe, preferably a large one, is fixed in a horizontal 
position, with a Bunsen burner close to the open end. When the 
pipe is blown, the longitudinal vibrations of the air are manifested 
by the sinusoidal motions of the ascending incandescent tlust 
particles in the flame. 

Extent of Excursioc in Waves necessary for Audibility. 
— Lord Rayleigh^ made an experiment on the amplitude of 
vibration in a sound just audible. The sound was produced by a 
whistle, of frequency 2730, blown by a measured current of air at 
observed pressure, the rate of working in producing the blast being 
W = 185001X) ergs/sec. nearly, and it was certainly audible at a 
distance of 820 metres. 

Now if V is the maximum velocity of a particle in a wave, it 
is easy to show that the average energy, kinetic and potential, per 
cubic centimetre, is ^-. 

If, then, it is assumed that the energy travels out in a hemi- 
sphere in the form of sound-waves, and that v is the maximum 
velocity of a particle 82,000 cm. from the source, the energy 
passing per second through the hemisphere of that radius is 
W = 7r X 82,002= X 34,100 X 0013X11^, where 34,100 is the velocity 
of sound at the observed density of the air, OOiy. 

This gives i'="0014 cm. /sec. But 27rno=ii where a is the 
amplitude and n is 2730. 

^ Pogg.Atin.,cxli.: Rajleigb.S 322(j, Ended. * Optiiek-aiutliichen Vtrtuche, 

* Proa. Jtoy. Soe., zzvl. 1877, p. UB ; Sound, li. g 384, Sai ed. 
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Another method of experiment carried out later' pave 
a- 12-7 X 10-* cm. 

Other Air Cavities. — The term "pipe" is usually applied to 
ft tube with B. diameter small compared with its length. Hut musi- 
cal notes may be obtained irora cavities in which this condition is 
not fulfilled. Savart investigated the frequencies of cavities with 
rectangular section. He found, with cavities closed at the upper 
end, that if the embouchure runs along the whole of a lo«'er «lge, 
the length of that edge, or, in other words, the width of the side 
rising from it, has no effect on the frequency. This we might 
expect, He also found that the frequency was inversely as the 
square root of the area of the other vertical side, i.e. invei-sely as 
the geometric mean of the two edges other than the embouchure:, 
so long as the height was less than six times the depth from 
front to back. When the height was more than twelve times the 
depth, the depth ceased to have any considerable eflfect, and the 
pijje might be regarded as an ordinary organ-pipe. 

Cavfti lie- Coll found that for open pipes of length I and depth 
p from fi-ont to back. 

2 " 
where X is the wave-length. 

For round pipes of diameter d he fonnd that 



Savart fonnd experimentally that for exactly similar cavities 
the periodic times are directly as the linear dimensions. This is 
a particular case of a general law applying to all vibrating systems 
in which stress is proportional to strain, and known as the principle 
of dyaamic&l aimilarity. For consider two systems having linear 
dimensions in the proportion ^ : /,. Let them have similar dis- 
placements at corresponding points, i.e. displacements as I, : l^. 
Taking elwiients of lengths as 2, : ^ these are altered in length in 
the ratio l^ : l^ and corresponding volumes therefore undergo equal 
strains. Henc^e, if the co-efficienta of elasticity are as E^ : E^, the 
forces per sq. cm. at corresiionding points are as E^ : E^. Now, 
thinking of similar parallelopipeds at corresponding points, the 
forces at the ends act over areas in the ratio 1^" : l^-, and therefore 
the total forces at corresponding ends are as E,/,* : Ejij*. The 
forces at the opposite ends are in the same ratio, and therefore 
their differences producing acceleration are also in the same ratio. 
The masses are in the ratio (jj/j':p^'; so that the accelerations 
are aa 
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But these are for displacements as ^:i^; for equal displacements 
they are as 

Ei/f>i V ' E2/P2 V. 

The periodic times, being inversely as the square roots of the 
accelerations for equal displacements, are as 



Pi Pi 

In the case of air filling both systems, E^^E^ and Pi^p^ and 
therefore 

or the times of vibration are directly as the linear dimensions. 

It may be noted that the times are proportional to the times 
taken by waves to traverse the two systems. 

The modes of vibration of various air cavities have been 
investigated both theoretically and practically. The theoretical 
investigations in several cases will be found in Lord Ravleigh'^s 
Sound. The most important, practically, are those of resonators 
with and without necks, but the results are too complicated for us 
to consider here. 

Another case of some interest is that of a rectangular closed 
cavity, say an ordinary room. Often there is a particular point in 
a room at which the sounding of a given note will lead to a long 
resonance. Among the various moaes of vibration, each length 
has its own modes, as if it were a closed Kundfs tube, and pos- 
sibly the point at which the resonance is most plainly heard may be 
one where the vibration can be excited in two directions at once. 

The Vibrations of Liquids in Pipes complicated by the 

Yielding of the Walls. — In order to find the velocity of sound in 
a liauid, Wertheim immersed a pipe in a liquid and blew it with 
the liquid itself, obtaining an audible note. The formula appli- 
cable to air pipes gave for water a velocity U=1173 m./sec. at 
11% a value much below the true one. Eaindt and Lehmann^ 
applied the dust-tube method, using iron plugs, and they found 
that as the diameter decreased the velocity increased. This was 
doubtless due to diminished yielding of the walls in the narrower 
tube. The yielding quite vitiated the generality of Wertheim'^s 
result, and made the method valueless. 

1 Pogg. Ann,, oliii. (1), 1874. 




CoKTENTa. — Vibrntioti of Roda — of Plates — of Bella — and of Membranes. 

Ik treating of the vibrations of solids, it is necessary, except with 
Btiiiigs, to take into account the elasticity of the vibrating 
material. In this chapter we shall consider some of the simpler 
cases of vibration of rods and plates, though, except in the single 
case first treated, we shall not enter into any mathematical 
investigation. 

Longitudinal Vibration of Rods. — If a glass rod or tube, say 
S or 3 feet long, is clain|)ed in a vice at one end, and stroked near 
the other end with a wet cloth away from the fixed end, it is 
easily niade to vibrate longitudinally, giving out a loud and 
linging note. If held or loosely clamped at a third of its length 
from the free end, it gives the twelfth of the fundamental note. 
In fact, by fixing the nodes properly, it may be shown that 
the modes of vibration are like those of an air-pipe closed at 
one end. 

If a rod of double the length is clamped at its middle point, 
it gives the same fundamental note. If free in the middle, but 
clamped J of the length from one end, it gives the octave, and, in 
general, its modes of vibration are those of an open air-pipe. 

Similar vibrations may l>e obtained from metal or wooden rods 
by stroking them with leather powdered over with resin, or even 
with the fingers, if quite fi-ee from grease, A " wood barraonicon" 
has been constructed with rods projecting from a soundiug-box, 
and of lengths giving the notes of the musical scale, but it is 
utterly without musical value. 

We have the analogue of a closed air-pipe, such as the column 
in a Kuiidt's dust-tube, if we stretch a wire between two points 
and stroke it with a wet or resined cloth. It may be made to 
emit a fundamental note when vibrating as one length, and on 
damping at appropriate points, it gives harmonics. The notes 
are usually harsh in quality, but of easily recognised |)itch, and 
follow the oitler of those of a closed pipe. 

The frequency for a given material is, in all these cases, 
inversely as the length between contiguous node and loop, and 
is independent of the thickness, so long as this is small compared 
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with the len^h. This suggests n speed of travel along the rod 
uniform and ilepending only on tlie material, and not on the cross 
section. We should expect such uniformity if the disturbance is 
longitudinal, and if the forces called into play are the ordinary 
forces investigated in the stretching or compression of a bar, those 
given by Young's modulus. For the force per unit area of the 
cross section depends on the stretching or compression, and if the 
cross section, and therefore the mass to be moved, be altered in 
any ratio, the force moving is altered in the same ratio. 

It should be noted, however, that in stretching or compress- 
ing a rod there is a side contraction or expansion, which bears 
a ratio (known as Poisson's ratio) to the longitudinal expansion 
or contraction. This ratio cannot exceed ^. For cork, it only 
slightlv exceeds 0. Grcnerally it is about \ or J, while in the 
case of jellies and india-rubber, in which the total volume change 
for moderate stretching forces is small, it is near the upper limit 5. 
Hence, as a wave of longitudinal or axial disturbance travels along 
a rod it will be accompanied bv radial disturbance. We can form 
an idea of the importance of tbis radial motion thus: — Let ADB, 



PiQ. 68.— Dieplnp 
ntdial diiplacementii u 
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Fig. 68, be the longitudinal displacement diagram for a vibration 
of a bar, supposed round for simplicity. We may also suppose 
the curve to be a curve of sines. Take lengths AH, HK, KL, Ike, 
each equal to the radius of the bar, and complete the diagram as 
shown ; then PH, QS, RT, Sic, represent the extension of lengths 
equal to Uie radius. If, then, a denotes Poisson's ratio, the radial 
displacements of the outside of the rod will be uPH, o-QS, oBT 
at the sections AH, HK, KL. These obviously decrease from A 
towards C, and drawing the curve ACX with ordinates equal to 
o-PH, oQS, crRT, &c., we have the displacement diagram of the 
outside surface due to radial motion. It can be shown to be a 
curve of sines of the same period as the longitudinal one. Clearly, 
then, if AH is a small fraction of AB, PH and a fortwri AX 
will be a small fraction of CD, and the kinetic energy of the 
radial displacement is negligible compared with that of the 
longitudinal displacement. 

We shall now show that if we neglect the radial motion the 
velocity of propagation of a disturbance is 

^Young's modulus -^density. 
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The mode of investigation is similar to that used in Chapter 11., 
and we shall make similar assumptions, viz., (1) that the displace- 
ment is small compared with a wave-length, so that Young's 
modulus is constant (we shall see in the investigation how this is 
implied); and (2) that the displacement is the same for the whole 
of a cross section. We shall suppose a disturbance to be made 
and extenial forces applied in such a way that the disturbance 
is made to travel with uniform velocity, U, unchanged in form. 
Equating the force as given by the disturbance witli the force as 
given by mass X acceleration, wc shall find a value of U when the 
applied forces are all removed. 

Let the curve HPQK (Fij;. 69) represent the displacement. 
I*t the estenial or applied force on the element MN of the rod 
per unit cross section be X.MN. The decrease in length per unit 
length at P is easily seen to be PS/ST. Then the force across 
the section at M per unit area is M • PS/ST, where M is Young's 




Fro. 89.— Diiplaannont Cnrro (or ft loDgitodinal diiiturbaiiM, all the 
ardinatas being very ■moll. TP, TQ, tangants at pointa bo near SBoh othsr 
that TP=TQ, and ML=LN. 

modulus for adiabatic change. This is, for metalB, nearly the 
same as for isothermal change. The force across the section at 
N per unit area is M ■ TV/VQ or M " RS/ST. The difference is 
M ■ PK/ST = aM- PR/MN. The total force on MN per unit area 
is, therefore, 

XMN + 2M- PR/MN . . . (1) 

Now turning to the expression of force as rate of change of 
momentum. Il the displacement changed uniformly in the time, 
MN/U, taken by the disturbance to travel from M to N, the 
onlinate QN would grow to MR, But it actually grows to MP, 
so that RP is the total displacement under the acceleration, which 
we denote by a. 



and 



= 3RP«UVMN''. 
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The maat-aooelefstion of length MN, cross section 1, and 

density p is 

/NiMN«2pRPxUS/MN . . (3) 

Equating (1) and (2) 



XMN + 2M • PR/MN = 2pPR x U«/MN. 

™(M.u.). 






or U- J^Ajp* 

Since, then, a longitudinal wave travels along a rod or wire with 
constant velocity, we may apply the reasoning already used with 
regard to strings and pipes. Making two trains of equal waves 
move in opposite directions with equal velocities, we obtain a series 
of stationary waves. A fixed end of a rod or wire is a node, and 
a free end is a loop. We can then select the part of a system 
of stationary waves suitable to the system tmder consideration, 
the frequency of vibration being U/X=U/4/, where I is the dis- 
tance between a node and the next loop. The reader will easily 
see how to obtain the results if he has followed the reasoning in 
the case of pipes (Chap. VII. p. 108). Here there is no loop 
end-correction. For close to the fr'ee end the force must be in- 
definitely small, otherwise the acceleration of the last layer would 
be indennitely great, since an entirely unbalsmced finite force 
would be acting on an indefinitely small mass. 

The observation of the frequency of the note emitted by a 

* It may be interesting to find the value of X when U has not this critical 
value, thoueh the result is not applicable to Sound. 

If r is the radius of curvature of the displacement curve at P, and if 9 is the 
angle which it makes with RP, 

RP-2roof9=RQ*. 

But according to our preliminary assumption, 9 is nearly sero, and RQ is 
nearly equal to MN. 
Then 2RP_1 



and 



K"-"-) 



For instance, in a belt oonnocting an engine to a machine which it turns, we 
xoK^ regard the strained tight |uirt and the unstrained loose part as the two 
poitions of a wave going round the belt with velocity relative to the material 
equal to the circumfereuttal veUtolty of either wh<»el. Then the frictional drag 
ox the whet«l against the Mt must lie suoh as to givea fonH> per cubic centimetre 

equal to (lV-l'*)i wh«r<» lU is the unoonstraineil wave velocity and U is 

the actual velocity. Vroiu th« analogy wilh forovil osoUlatiotui we may term 
this a *« forced wavew** 
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given solici rod might be used to give us the velocity of sound in 
the rod : this is of little practical value. But since M^pU* aud 
U = nX, the same observation can be made to give a value of 
Youiie's modulus, which is of great practical importance. Wert- 
heim in this way investigated the value of Young's modulus of 
many substances, finding it also directly for the same substances by 
loadmg wires and observing their extension. The two methods 
give nearly the same result, though the sound method gives always 
a slightly larger value, the excess being too great to be accounted 
for by the fact that in one experiment we are dealing with the 
adiabatic, and in the other with the isothermal modulus. 

Kundt's dust-tube affords a pretty method of comparing the 
velocities in rods of different materials. The ends of the sounder 
being loops, its length is JX for the note emitted by the rod. The 
distance between consecutive dust-heaps in the tube is JX for the 
same note in air. Hence 

Velocity in rod length of rod ^^ 

Velocity in air length between dust-hesps' 

and comparing the lengths between the dust-heaps with different 
sounders, we obtain the ratio of the velocities. 

Below are some values^ for the velocity in different materials, ob- 
tained from Werthcim's determinations of Young's modulus, and the 
values for materials of the same name, obtained by Kundt'a method. 



UkteHtl. 


Werthaim'* 

Telacit^iaom./no. 

366,000 
375,000 
620,000 

&ao,ooo 


Kuadt'* 
Talocit;, ur=l. 


Bra™. . . 

&^ ; : 

Qkra . . . 


10'87 

16-34 
16-25 



It may be shown" that the velocity is diminished when the 

radial motion is too large to be neglected, and by ■ ^ of the full 

value, where (t is Poisson's ratio and d and X are Ihe diameter 
and the wave-length. There is, therefore, a kind of dis[}ersion of 
the constituents of a compound wave ; so that in a " toy tele- 
phone," which consists of two drum-heads connected !)y a fine wire, 
one being spoken into by the sender, and the other being held to 
the ear by the receiver, the fundamental tone of each note will 
travel more rapidly than the harmonics. The slight practical 
importance of this will be realised by working out the case of a 
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note of 1000 frequencv in a brass wire 1 mm. in diameter (19 
B.W.G.). It will be found that the slowing down is only one 
thirty-sis millionth of the velocity for a very long wave. 

Torsional Vibrations.— If a rod or string be bowed perpen- 
dicularly to the axis with considerable strength, it may be made 
to vibrate toreionally, twisting to and fro round the axis. The 
torsional vibration of a monochord string may be rendered evident 
by putting a circular ring of paper on the wire, completed, after 
it includes the wire, by a piece of gummed paper. It turns 
rapidly round and round, first in one direction then in the other. 

Torsional vibrations are usually of no practical importance. 
We shall not, therefore, investigate their frequency. The reader 
who has studied the torsional vibrations of wires in Elasticity will 
be able to adapt the general mode of deterniiuing wave velocity 
to this case. He must now take moments of the elastic forces 
and moments of the acceleration of momentum round the axis, 
and find their values In terms of the lengths on a displacement 
diagram with ordinates equal to the actual displacements of the 
outside of the wire. The velocity of propagation will be found 
to be Jnlp, independent of the radius, where n is the co-efficient 
of rigidity. Hence the fundamental frequency of a wire of length 

/ fixed at the ends is -^ -Jn/p. 

Transversal Vibrations of Rods. — The theory of the trans- 
versal vibrations of riHlw Iiils been very fully ivorked out when 
the thickiiesB in the direction of vibration is small compared with 
the length. The results of the theory have been very closely 
verified by exjwrimeut, which has in this case rather followed 
than preceded theory. The methods of investigation are far too 
ativanccd for this «ork, and we shall only quote the results, A 
full investigation will be found in Lord Hayleigh's Sound, vol. i. 
dmp. 8. A simpler treatment is given in Violle's Cours de 
Physique, torn. ii. A. p. 195. 

There are various cases, according to the mode of support or 
fixation, but we need here only take three of these. 

Both Ends Free, — The harmonicon, which in civilised countries 
is merely a toy without musical value, affords an example of rods 
of this Kind. It consists of a series of thin flat bars of iron, 
glass, or wood stretched across two more or less yielding supports, 
and the bars are struck with a yielding hammer. The frequencies 
of the tones emitted by such a bar are given by 

where U= ^/M/p is the velocity of longitudinal waves, K is the 
radius of gyration of the section, I is the length, and m has a 
auccession of values, of which the first is S'011~, and the rest are 
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given to four figures by 5^, 7^, 9^, &c. The nodes in the first ^M 
three tones are in the positions given in the following table : — ^M 




Nambar of 
Node). 


iron, one End. 




1 


2 
3 
i 


■224, -776 

■132, -fi. -868 

■094, -357, -643, 906 


1 

2^76 
6-40 


These tones can eaaily be obtained fi-om a long flat bar, such as 
a very long bar magnet, and even from a wooden metre rule, by 
placing the supports at the nodes. In the latter case the tones 
have not much musical quality, but can easily be distinguished 
if the bar is tapped with the finger-nail. 

Both Ends Fixed, — Apjiarently no musical instrument has been 
devised with such rods, and their only interest is theoretical. If 
the ends are iised, so that their inclination cannot be changed (as 
when a rod is clamped at the ends in two vices), the frBquendes of 
the tones emitted are exactly the same as for a rod of the length 
between the clamps and free at both ends— the case last considered. 
The first tone has no node, the second has one in the middle, and 
the third has two, respectively at distances 359 and -Gil from one 
end. 

One End Clamped, the Other Free,— Rods of this kind are used 
in nuisical hoses. The tuning-fork may also be considered as a 
pair of such rods clamped parallel. The free reeds used in some 
organ-piijcs, and controIUng their vibrations, are also clamped 
rods, though their period is doubtless affected to some extent by 
the air in the pipe. 

The tones emitted are given by 

where m is l-^^Ai^, 2-989^, or, to several figures, one of the series 
-^> -^, ■ • ■ The positions of the nodes are given in the table below. 




Nambar of 
NodM. 


Positionn in Fmolioiu of Length 
from Krea End. 




1 



1 
2 
8 


■226 

■l.')2, ■fi 

■004, ■;lfl6, -644 


1 
6-25 

175 

34-3 


^ 




J 
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These results may be roughly illustrated by clamping a knit- 
ting-needle in a vice and sounding it by drawing a fiddle' 
across a loop, a node being damped. 

The very rapid rise in frequency of the overtones is of great 
practical importance in the case of tuning-forks. The first over- 
tone of a fork with uniform prongs is more than SJ octaves above 
the fundamental tone, and the second more than 4 octaves above, 
and those die awav more rapidly than the fundamental. The ear 
is, therefore, chiefly impressed by the fundamental tone. When 
the fork is held over a cavity resounding to this tone, the cavity 
is not likely to resound to the overi;ones as well, and so the pre- 
dominance of the fundamental comes out still more strikingly. 
In practice there ai-e greater or less departures from uniformity in 
the construction of the prongs of forks, and therefore the over- 
tones are not quite those for uniform bars. Von Helmholtz found 
that in some forks which he examined the freouencies of the first 
overtones lay between 58 and 66 times the funciamental frequency. 

Lord Rayleigh has pointed out that "hen a fork is mounted 
on a resonance-box the octave may generally be detected in the 
note given out by the box. This octave is due to the pull exerted 
by the prongs of the fork on the box, for they move in curved 
paths conciive to the box, and therefore ret^uire a force towards 
the box to keep them in these paths. This force will be zero at 
each point of rest, and will go through the same series of values in 
each naif vibration of the fork. In other words, its period is half 
that of the fork. The reaction is a pull on the box of the same 
period, and therefore producing the octave. In verification of this 
view, Lord Rayleigh mounted a 256 fork on a 512 box, and found 
that when the fork was powerfully bowed the octave was pre- 
dominant.' 

Temperature Correction for Forks. — A rise of temperature 
acts in two ways to alter the frequency of a fork, inasmuch as it 
increases the liiieur dimensions and decreases the elaetidty. From 
the formula the frequency is proportional to 

P^ p' 

where M is Young's modulus, K is the radius of gyration, I is the 
length, and p the density. But with a given bar, p is inversely aa 
the volume or P, while K varies as I. Hence 



knit- ^M 

-bow ^^1 

;reat ^H 

}ver- ^H 



Now the co-efficient of expansion of steel is about - 
while the temperature co-efficient of Young's modulus is of 
order of — 2/10*. The latter, therefore, has by far the greater effect. 



l/lff, 
of the 



VIBRATIONS OF PLATES. 199 

M'Leod and Clarke, detemiining the frequency by the method 
of p. 48, found that the temperature co-efficient for a fork was 
given by 

n, = «„(l--OO0U0. 

The Vibrations of Plates. — From a musical point of view 
the vibrations of plates liave interest, in that gongs and IwIIs may 
be regarded as particular kinds of plates. The theoretical treat- 
ment is only possible as yet with flat or cylindrical sheets of metal, 
and is then sufficiently difficult. But since Chladni devised the 
simple mode of showing the nodal lines on round and square 

Elates by means of sand, the great beauty of the figures formed 
y the vibration of plates have always had much interest for the 
experimenter. 

Chladni's Figures.— To obtain these figures a uniform glass 




or metal plate, either round or square, is supported horizontally, 
usually by screwing it down to the top of an upright by a screw 
through its centre, but preferably by a clamp with cork lining to 
the jaws. This mode of suspension, while fixing the point clamped, 
does not fix the inclination of the plate, and so gives more free- 
dom to the vibrations. To excite the vibrations, the edge of the 
plate is bowed by a violin-bow pressed hard against it and drawn 
vertically downwards. The point bowed is neces.sarily one of 
vibration. If a point on the edge or surface is touched by the 
finger-nail, the constraint is enough to fix it ; aud if a mode of 
vibration exists in which a nodal line, or line of rest, passes through 
the point touched while the point bowed is oue ot motion, that 
mode of vibration will perhaps be excited. If a little white sand 
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has been previously scattered < 
'a tossed from the 



tter — ^M 
IB, and ^H 



I the plate — the less the better— 
i of vibration on to the nodal lines, 
a Chladni's figure is formed with surprising rapidity. A skilful 
bower who knows his plate may bring out a very great variety. 
Fig. 70 shows a few figures corresponding to the lower tones of a 
square plate. The relative frequencies are marked on each, and 
the points 6 and d are those of bowing and damping respectively. 

With round plates there are two distinct types of vibration, 
respectively having nodal circles and nodal radii. To obtain the 
gravest mode of vibration with a nodal cirele, it is sufficient to 
support the plate on the thumb and fingers at points about f 
of me radius from the centre, and then to strike the centre of the 
plate with an india-rubber hammer. Sand scattered on the plate 
at once collects in a cirele, which is the more sharply defined the 
more limited the supports and the more exact their position under 
the nodal line. Two nodal cireles may be obtained in a similar 
manner, supporting the plate about 4 <^^ ^^^ radius from the 
centre and striking it with a harder hammer. But two and three 
circles may be more ceri:ainly obtained by supporting the plate on 
pointed corks under a nodal line and then rubbing a cord up and 
down against the side of a hole in the centre of the plate. 

Experiment and theory agree approsimately in assigning the 
positions of the nodal cireles in the first three cases as in the 
following table : — 



No. of Nodal 
Circlaa. 






1 
S 
3 


■ti30 

■39£, -842 

■277, -BDl, -eSi 


1 
9 



In the diametral mode of vibration the nodal lines are diameters, 
and successive sectors move in opposite ways. The lowest number 
of diameters is two, and there may be any greater number, the 
frequency of the tone emitted being praportional to the square of 
the number of diameters. With a plate clamped at the centre 
and sanded over, it is very easy to bring out the various figures 
by bowing and at the same time damping two consecutive nodal 
points on the edge, 

TTiere are also modes of vibration in which the nodal lines are 
both circular and diametral. The frequency in such a mode is 
proportional to {d+Scy, where (f=number ot nodal diameters and 
c = number of nodal cireles. 

In all these plate vibrations, adjacent segments separated by s 
nodal line move at & given instant in opposite directions, Tms 
may be verified by holding the hand or a si>ecially shajwid cover 
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over one segment of a pair. There is an immediate swelling out 
of the sound, due to the fact that the vibrations from the uncovered 
segment are no longer interfered with. When both segments are 
exposed to free air, one is sending forth a compression when its 
neighbour is sending forth a rarefaction, and the two practically 
neutralise each other at a little distance from the plate. 

There is a curious fact with regard to Chladni's figures, first 
explained by Faraday. If lycopodium dust is mixed with the 
sand on a plate, the lycopodium collects in heaps at the middle 
of the vibrating segments, and not at the nodal lines. Faraday 
showed that this was due to eddies of air. They catch up the 
light dust and whirl it about where they are strongest, that is, 
over the points of greatest vibration. When the motion ceases, 
the eddies die away and drop the dust Immediately below the 
region where they existed. In a vacuum the lycopodium gathers 
with the sand on the nodal lines. 

Bells.— Bells are sometimes treated as if their modes of vibra- 
tion might be deduced from those 
of flat circular plates vibrating with it 

diameti-al nodes, the plates being 
supposed to be turned down at the 
edges till they are bell-shaped. But 
it is better to regard belis as modi- 
fications of cyluiders, for this at 
once brings out the fact that the 
vibrations at the rim are both 
radial and transversal. For con- 
sider a thin, cireular, cylindrical 
shell : the forces resisting exten- 
sion are very large compared with 
those resisting bending, and the 
vibrations depending on them are 
very much higher, just as the 
longitudinal vibrations of a rod 
are much higher than the lateral 

ones. We may therefore regard the perimeter as bending only, 
and having a constant length. 

Taking the gravest mode of vibration with four nodes, repre- 
sented in section in Fig. 71, the motion will be entirely radial at 
the middle points of the loops HIKL. But the nodes MNPQ 
are not points of rest, though points of no radial motion ; for 
clearly MH'N is less than MHN, and MLQ is greater than 
MLQ. There must therefore be tangential motion at the nodes 
to allow of these variations in length. ITie nodes, in fact, for the 
radial motion are loops for the tangential motion, and tme ver»&. 

A bell may be regarded as a vibrating cylinder of this kind 
pinched in at the top and bent out below, and it has just the 
same radial and tangential motions. 




Fia. n.— aeation at Vibriting 
Cjlindor, or Perimater of a Ball. 
MNPQ, roclml uodei and tangential 

3s\ HLKL, codial loopi and 

gantial aodea. 
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ITie mode of vibration of a bell-shaped glass jar may be illus- 
trated very beaulifully by filling it part way with methylated 
spirit and then by bowing the edge of the glass. The spirit which 
rises against the side of the Jar is thrown into the centre, forming 
a cross of drops which do not at once coalesce with the body of 
the liquid. The appearance in two cases is indicated in Fig. 72. 
The non -coalescence of the drops is still without explanation. 

If a pith ball hung by a fine thread be brought up against the 
side of the jar, it is driven away at once, straight out if at H, I, K 
or L, Fig. 71, sideways if at any other point. 

The existence of transverse motion in hell vibration at once 
explains a well-known mode of sounding a wine-glass or a finger- 
glass by drawing the wet finger round the edge. Disregarding 
the tangential part of the vibration, it would be difficult to see 
how the tangential motion of the finger could arouse the vibration 
at all. But it is easy to see that the finger 
produces a tangential displacement which 
must be accompanied by a radial displace- 
ment, just as the clapper of a bell produces 
a radial displacement which must be accom- 
panied by a tangential displacement. 

Lord Kayletgh has shown that along the 
axis of a bell there is a great falling off in 
the sound. This is exactly what we should 
expect from the opposite motions of succes- 
sive segments, which should neutralise eack 
other's effects at a point equidistant fi*om 
all. Probably if echoes could be excluded 
the axis would he a locus of silence. 

Though the shape of a bell renders it 
impossible to calculate the frequencies of 
its vibrations by theory, we may, neverthe- 
less, find the ratio of the frequencies of 
two geometrically similar bells by the Prin- 
ciple of Dynamical Similarity (see p. 119), for that principle 
gives 

or =^:/^ 

if the bells are of the same material. 

The Vibrations of Membranea.— These have been investi- 
gated both theoretically and practically. The theoretical investi- 
gation supposes the membrane to be perfectly flexible and uniformly 
stretched by a constant tension ; in fact, the membrane is to the 
plate what the sti-ing is to the bar. It is only necessary here to 
say that the calculated results agree with experiment as to the posi- 
tions of the nodal lines, but that the frequencies are not correct, 




PlO. 72.— Drops on Bur- 
tuca of llethjUtad Spirit in 
Tibnting OIsbb Dish. 0, 
point ol bowing ; 4 aud 6 
nodal pointa ue ■hown. 
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owing probably to the influence of the air. The best experiments 
have been made by Bourget, partly in conjunction with Bernard,' 
Panel" was found to make a good membrane. It was glued on to 
a frame while wet, and the shrinkage on dryine produced the 
requisite uniform tension in some cases, though there were many 
failures. The membrane was set in vibration by resonance. A 
series of gradually ascending pipes was used, and when the fre- 
quency of the pipe sounded agreed with that of a mode of vibra- 
tion of the membrane the latter responded, and its nodal lines 
were exhibited by sand, as in the case of plates. 

Savart supposed that a membrane could, and did, respond to 
any sound, and that the transition from one set of nodal lines 
to another was gradual. No doubt there would be forced oscilla- 
tions excited by any tone, but Bourget showed that only when 
the source was nearly in unison with one of the natural tones of 
the membrane were the vibrations sufficiently strong to form the 
nodal patterns. Savart used a pipe considerably higher than 
the gravest tone of the membrane, and, since the overtones crowd 
together as the frequency rises, the pipe was always near an 
overtone. 

The modes of vibration have a considerable resemblance to 
those of plates. Thus in round membranes there may be either 
nodal circles— starting with a single circle round the boundary — 
or nodal diameters — starting with one — or combinations of circles 
and diameters. 

Sedley Taylor ^ has devised a very beautiful method of exhibit- 
ing the modes of vibrations of membranes, by means of soap tilm. 
A film is stretched across a frame and placed over an air cavity. 
When a note is conveyed into this cavity by a pipe the membrane 
vibrates, and the nodal lines, being of different thickness from 
the rest of the film, are shown by the interference colours. 
Some most beautiful effects are produced, and the colours may 
be exhibited by the lantern. The instrument is termed the 
Phoneidoscope. 

The drum is an example of a membrane. The tension is 
supplied by the stretching frame, and the drum, when struck, 
gives out a note of its own. 

The drum of the ear is another example of a membrane. It 
closes the external aural cavity, and is set in forced oscillation by 
the waves reaching it. No doubt, its tension is unconsciously 
varied, so that it will more easily take up the vibrations reaching 
it. It is probable that the restoring force is not proiwrtional to 
the displacement, the system being complicated by the small chain 
of hones connecting the drum with the internal ear. 



' Rajleigh's Sound, i.%2 



' iVaiure, JviL 1878, p. 426. 
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VIBRATIONS MAINTAINED BY HEAT— SENSITIVE 
FLAMES AND JETS— MUSICAL SAND. 



Ceetain phenomena now to be described are linked together by 
the fact that musical vibrations are maintained by the communica- 
tion of heat. The simplest cose is that of TreTelyan's Rockiag 
Bar. ITiis is a brass "bar" of the shape shown in t'ig, 73. 



o 



]. 73, — TreTolyan'i Rooking Bar ; faoa o, 



; about i sits. 



When heated to some point below the melting-point of lead, and 
placed face downwards, with the edges of the V groove (shown in the 
section b) on the edge of a lead plate, the bar begins to "sing," 
emitting a very rough note. The note may be made to rise in 
pitch by slightly pressing the bar. We may explain the action 
thus:— 

When one edge of the V groove comes in contact with the 
lead, it makes a little depression which tends to rise up again and 
throw the edge up ; in other words, the edge rebounds. But the 
edge has given heat to the lead which makes it expand, and all 
the more since, for a metal, lead is not a very good conductor. The 
heating is therefore comparatively local. It takes place, also, chiefly 
during the rebound, since there is some lag owing to the time 
taken for heat to be conducted from the brass. Hence there will be 
an expansion of the lead upwards, aiding the rebound more than it 
neutralises the original fall of the bar. More work is done upon 
the edge during the rebound than was done by it during the 
depression, and energy is given to the bar. The other edge then 
fallB down and goes through the same process, and there is a rapid 
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rocking, the vibrations increasing until the supply of mechanical 
energy from the heat is equal to that radiated out as sound. 

SiBffiQgf Flames. — When a glass tube, say of | inch or 1 inch 
internal diameter, is lowered over a small gas jet, to which the 
gas is supplied through a very fine hole at the top of a narrow 
tube, the air in the wider tube begins to sound its note as an 
open pipe. When the jet is about i of the way up, if the 
conditions are favourable, the jet appears at once to lengthen 
out, and by carrying the eye rapidly past the jet, or by using 
a revolving mirror, the intermittent appearance shows that it is 
jumping up and down, probably, indeed, going out and being 
rekindled once for every vibration. Though the cflbct is obtained 
Bufiiciently well from common gas, it 
is still more striking from hydrogen. 
This may be generated in a flask, 
through the bung of which the jet 
tube passes, as in Fig. 74. A little 
expenence with various lengths of jet 
tube and sounding tul)e snows very 
clearly that success depends chiefly on 
the relation between their lengths. If 
the lower end of the jet tube be open, 
BB in Fig. 74, then its length must 
be less than half, or more than the 
whole length of the sounding tube. 
The explanation of this was first 
given by Lord Kayleigh,' and it is 
so excellent an illustration of the 
conditions under which vibration may 
be maintained, that we shall consider 
the subject at length. 

It IS clear that in this case the 
ener^ is supplied intermittently as 
heat by the successive kindlings of the 
flame. To understand at what phase 
of the vibration the supply must be 
given to maintain the vibrations, let u 
that of a column of air free from viscosity, and contained in a 
non-conducting vertical cylinder, closed at the lower end and 
having near tlie upper end a smoothly working weightless piston, 
with the atmospheric pressure always exerted on its upper side. 
Since the piston is weightless, the pressure on the under side is also 
atmospheric, for otherwise we should have infinite acceleration. 
Vibrations once started in the air column will be maintained, 
the air-co!umn forming one quarter of a stationary wave from a 
node at the closed end to a loop at the piston. 

Now the effect of a sudden communication of heat diffused 




Fig. 7'!. — Hydrogen Sioging PIbid* 



s consider an abstract case, 
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imiforinly, we shall suppose, through the whole mass, is to increase 
the temperature and tne pressure at once, and the mean volume 
will also be increased. In other words, the centre of swing of the 
piston is removed farther from the end of the cylinder. 

Bearing this in mind, we see that if the heat is communicated 
when the piston is at A (Fig. 76), the movement of the centre C 
outwards increases the amplitude, i.e. increases the extent of 
vibration. The time is affected only very slightly, for it equals 
42/U, where / is the mean length of the column of air and U is 
the velocity of sound. Since I is proportional to the volume, and 
this, in turn, to the absolute temperature, when the pressure is 
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Fia 75. — Inflnenoe of Heat Oommunieation on the Ylbratioiit of an 

Air Column, 



constant, and since U is proportional to the square root of the 
absolute temperature, the penod is evidently proportional to the 
square root of the absolute temperature. 

If, on the other hand, the heat is communicated at B, the 
centre of swing, C, is suddenly brought nearer to B, the amplitude 
is decreased, and so the vibration is decreased. As before, the 
time is only slightly affected. If the heat is communicated at C, 
we must consider the direction of motion. If the piston is on its 
outward journey, then the centre of swing is suddenly moved 
forward in the outward direction, and the piston takes longer time 
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to reach it; in other words, the periodic time is increased. 
The kinetic energy, however, remains nearly the same, for the 
restoring force near the centre of swing is small, and but little 
work w3l be done between the old and new positions of C. The 
piston starts fix)ra its new position with nearly the old velocity, 
and with nearly the same forces on the air, and so goes through 
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Fio. 76. — ^Singing Tabe, with three dififerent leDgtlu of jet tube. 
The jet tube must have a loop below, where it joina on to a wider 
tube or gas reserroir. The arrows show the simultaDeoos motions 
necessary for equality of pressure in the two tubes at the jet orifice. 
A and C, vibrations maintained ; B, vibrations dMtroyed. 



nearly the same swing about the new position as it did about the 
old. Contrast this with the first case, in which extra work was 
done by the restoring force through an equal distance, but at the 
greatest elongation, where it added the most kinetic energy. Then 
m this case we conclude that the periodic time increases, but that 
the amplitude of vibration is nearly constant. If the piston is on 
its inward journey when the heat is given, the centre of swing 
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mores out to meet it, and so shortens the time. As in the last 
case, the amplitude is but little affected. 

If the heat is given, not at definite instants, but OTer some 
part of the time of Tibration, there will be both change of ampli- 
tude and of period; hot we maj condnde, generally, that the 
oommonication in the half period during which the pressure is 
above the nonnal, increases the vibration, while during the ex- 
tension half period it decreases the vibration. The effect on the 
time does not here concern us, but evidently during the inward 
motion heating increases, and during the outward motion it 
decreases the period. 

Removing the impossible surroundings and conditions, and 
coming to tne actual case of a sounding pipe, we see that if heat 
be communicated during compression, the vibration will increase 
until the energy lost by the production of sound-waves is equal 
to that gained in the mechanical form firom the heat imparted. 

Turning now to the singing flame, when the air within the 
tube is in a condition of vibration, it makes forced oscillations 
of the same period in the jet tube ; the condition which the jet 
tube must satisfy being that of equality of pressure always at 
the orifice of the jet in both systems. We may suppose the jet 
tube to have an open end below, where it joins a wider tube or 
gas reservoir, so that this is necessarily a loop. 

Let A, B, C (Fiff. 76) represent different lengths of jet tube 
for a given length of sounding tube. In A, where the jet tube is 

less than -, the pressure will be the same at the orifice in both 

tubes only if the motion in both is to or firom the central node 
of the wide tube at the same time. Hence the gas will flow 
fi"om the jet to the sounding tube, while the air is moving firom 
maximum extension to maximum compression, and will be checked 
in the other half vibration. There will be a retardation of the 
beating, partly due to the time taken for the gas to bum, and 
partly due, perhaps, to the expulsion during the first part of the 
motion of incombustible air drawn in dunng the previous part 
of the vibration. Hence the heating is mainly thrown into the 
compression half of the vibration, and the vibration is maintained. 

In B, where the jet tube is more than - and less than - in length, 

there is a node in the jet tube. For equality of pressure at the 
orifice there must be motion to the nodes at tne same time in both 
tubes, and motion fi'om at the same time. Hence, at the orifice 
the motions in the two tubes are in opposite phases, and the gas 
is drawn into the sounding tube during the naif vibration fi*om 
maximum compression to maximum extension. Since there is a 
lag in combustion and heat-giving, the heating occurs mainly in 
the half vibration during which the extension occurs, and so the 
libration tends to die away. When the tube is long enough to 
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have two loops, as in C, the conditions of A recur, and the 
vibration Ib again maintained. If there is a node exactly at the 
orifice, there are merely variations of pressure, and the current 
of gas is not otherwise affected. The vibrations, therefore, are 
not interfered with. 

Though long cylindrical tubes are generally employed as 
sounding tubes, lamp chimneys or globes may be used. It is 
easy, too, to obtain sounds from a tuBe closed hy a bung at the 
upper end, if air be drawn through a hole in the bung in order 
to maintain combustion. 

Rijke's Sounding Tube.— A very remarkable effect, discovered 
by Rijke,'is obtained by inserting a piece of metal gauze about 




Fia, 77. — 'nme-Duiplacement Diagram tar k Infer of air oaar tbs 
gsuifl during mveml TJbrntionB in Rijke's tube. QR, 8T, frsab lir draini 

a fifth of the way up a long and wide tube and stretching across 
the tube. The tube is held vertical and the gauze is heated red- 
hot by a gas fiame. On withdrawing the flame, a most powerful 
note issues while the gauze cools, so long as the tube is vertical, 
but ceases at once if the tube is turned into the horizontal position. 
The explanation is similar to that just given for the singing flame. 
There is an up-draught of air— the convection current due to 
the heated gauze — and superposed on this the vibrations of the 
air set going by any disturbance. The gauze communicates most 
heat during the condensation half of the vibration, and so the 
variations, if once sufficiently started, are maintained. The reason 
for the greatest heat -giving during condensation may perhaps be 
seen most easily from the time-displacement diagi-am, Fig. 77, 
' Pogg.^ni.. cvii. p. 333, 1859. 
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m it is silent, it maj be made to ane br soonding its note from 
another source. Increasing the amputnde of the lifarmtian may 
throw the heating more decidedlv into the proper part of the 
peri#xi, 

Sensitiye Flames. — Leoonte^ appears to have been the first 
iff notice the effect of musical sounds on a gas jeL He o b s ei i eJ 
that the jet from a certain fish-tail bamer, when jost on the point 
of flaring ^exhibited pulsations in height wludi were rracHj^ 
gynchronf/us with the audible beats'" of some musical instruments 
which were being plajed in the room, and he noticed that it was 
esfiecially sensitive to the notes of a violincello. 

Barrett's Sensitive Flame. — Barrett, a few years later,* 
inde|x;ndently observed that a tall slender gas flame was a£kcted 
by the higher harmonics of a brass Chladni plate, the flame 
shrinking clown and spreading out sideways at the high notes. 
Harrctt ma<le a careful investigation of the effect and found that 
with ordinary gas pressure a suitable burner was made from a 
j-irich glasH tube drawn out to ^ inch at the nozzle, and there 
sni|)[H!(l by sciHsors into a slight V-shape. The issuing flame was 
tafHrring, say 15 to ^ inches high, ana was exceedingly sensitive 
to particular sounds. Barrett noticed that the flame must be 
just on the point of flaring to be most sensitive. He further 
diHcovcred that combustion was not an essential part of the 

> PhU. Mag., XT., 1868, pi 236. 

* Ibid., xxxiii., March and April 1867. 
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phenomenon, and he made exceedingly sensitive jets of smoky air 
impregnated with the fumes of hydrochloric acid and ammonia. 

By viewing the flame in a moving mirror, he showed that the 
jet, when shrinking under the influence of sound, was in a state 
of rapid vibration, which synchronised, as far as could be judged, 
with that of the exciting sound. ^ By choosing orifices of difi'ereut 
diameters and by adjusting the pressure of the gas until the flame 
was at the jwint of roaring, he obtained sensitive flames which 
were responsive to different notes and different articulate sounds, 
the sibilants being most effective with flames issuing from fine 
orifices. Inaudible vibrations, produced by a Galton whistle, were 
also revealed by a sensitive flame,' and a sensitive flame was used 
by Barrett to detect the reflection and refraction of sound.' 
The sensitiveness of the fiame increases greatly as the pressure 
is increased. It is best to increase the pressure till the flame just 
begins to roar, and then to reduce it just below the roaring point. 
Usually, with considerable pi'essure, high notes, such a,s those in 
a hiss, are most effective, and the flame dips down and roars for 
a moment, every time one of these notes is sounded. A number 
of interesting experiments on jets are described in TyndalTs 
Smmd, Lecture VI. 

Lord Rayleigh has shown that if the effective note is made 
to form a series of stationary waves by reflection against a hard 
wall, the jets are affected at the loops and not at the nodes ; in 
other words, variations in motion are effective, and not variations 
in pressure. It can be shown that the disturbance occurs in the 
orifice by directing the sound by a tube first to points above or 
below the orifice, when it is ineflectual, and then to the orifice, 
when the flame at once responds. 

Lord Rayleigh * has investigated a theory of the instability of 
fluid jets, and has shown that for a certain range of velocity a 
given jet will be unstable for a given range of periodic disturb- 
ances, i.e., the disturbances, once made, will go on increasing. 
The theory thus accounts generally for the observed facts, but the 
details still require working out. In the sensitive flame the 
motion appears, from experiments made by Lord Hayleigh, to l)e 
converted by the disturbance from a more or less sti-aight into a 
sinuous outrush. 

Govi's Sensitive Flame.' — If a piece of metal gauze is held 
above a glass tube burner with orifice, say from ^ to ^ inch 
wide, and if the gas is lighted above the gauM, the flame is 
conical, quiet, and luminous when the gauze is just above the 
burner, and it is non-luminous, roaring, and spread out when the 
gauze is raised. There is a critical point just before roaring 
begins, at which the flame is exceeilingly sensitive to certain 

' Pi^vlar- SeiewK Heiiitu. April 18G' ] A'aftire, Julv 30. 1874. 

» Nalure, Mav 3, 1877. ' Pi-oc. Hoy. Dublin Soc.. Jan. 3. 1«GS. 

* S<mnd. 2iid'ed., Chap. XXI. » Tormo Atti Accud. Sci. vL, JB69-70. p, 39G. 
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r&nges of sound. The narrower the orifice of the burner, 
higher are the sounds to which the flame responds. When 
suitahle sound is made, the fl&me suddenly falls down for u 
moment and begins to roar, aod if the adjustments are carefblly 
made the sensitiveness is extraordinary. 

Geyer found that if a tulie, say 12 inches long and S inches in 
diameter, is placed over the flame when roaring, the tube sings 
loudly and continuously, far more loudly than the common singing 
tube. If the flame is in the sensitive state, just not roaring, anil 
the tube is placed over it, it only sings when a note is sounded of 
the kind disturbing the flame. 

If, for instance, a narrow orifice of -^ inch be used, the flame is 
sensitive to very high notes, such as are contained in the sound of 
the letter S. On speaking to the flame, it will pick out the S 
sounds and sing, or rather scream, fur a moment every time the 
sound recurs. 

Tlie maintenance of the note of the singing tube placed over 
the roaring flame is probably to be thus explained. In the first 
place, it gives rise to disturbances producing vibrations large com- 
iiared with the up-draught; and in the second place, the flame 
Deing much more spread, the velocity of the gas is less, and so 
it can be more easily checked and aided, both conditions being 
necessary for maintenance. 

The Singing Bulb. — Sometimes when a bulb has been blown 
at the end of a narrow lube it sings while cooling. Lord Rayleigh 
explains this by the unequal heating of the stem. 

Suppose that a vibration has in any way been started. During 
the inrush from maximum extension to maximum condensation 
the air is buing carried from cooler to hotter parts of the stem, 
and is therefore in the most favourable condition to i-eceive heat. 
During the following outrush it is being carried from hotter to 
cooler parts, and is therefore in a less favourable condition to 
receive neat. Doubtless there is some lag in the phase of heat- 

Siving, and bo there in a balance of heat -giving in favour of the 
alf of the vibration during which there is compression ; thus the 
vibration is maintained. The continual iu-draught as the bulb 
cools renders the case similar to that of Hijke's sounding tube and 
necessitates vibrations of a certain size before maintenance begins. 
The Eadiophone. — We pass now to some phenomena in which 
intermittent heating leads to a musical noteof the frequency of the 
heating, the periodicity being already impressed on the heating. 

Messrs. drahani-Bell and Tainter found that a regularly in- 
termittent beam of light of sufficient frequency falling on a thin 
solid disc — almost any solid is effective — stretched across the end 
of an ear-trumpet gave rise to a musical note of the same frequent^- 
aa the inteninttence of the beam. The alternate lieating and 
cooling of the front face of the disc produces alternate bulging and 
sinking in of its surface, and so air-waves are sent down the hear- 
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ing tube. Bell proved that the disc had this to-aiid-fro motion 
by placing a short stout wire with a disc at the end in contact 
with the disc exposed to the radiation. The second disc then 
sounded, showing that waves were sent along the wire. 

Subsequent researches showed that similar efiects could be 
produced by allowing the intermittent beam to fall on cavities 
containing cottou-wool, worsted, silk, or, best of all, lamp-black. 
Liiiuids and gases in test tubes were also active. The evident 
explanation of expansion and contraction, either of the material 
itself, or, when this is porous, of the contained air, is no doubt to 
be accepted. The discoverers of this kind of vibration have 
termed any device for showing it a Radiophone. 

In one very interesting case the beam is rendered intermittent 
by the voice. On its way to a sensitive disc, on which it is con- 
verged as a focus, the light is reflected from a thin plane glass or 
mica mirror. If the plane mirror is spoken to, it curves under the 
vibration and alters the position of the focus, throwing it alter- 
nately in front of or behind the sounding material, and so altering 
the quantity of heat absorbed. In this way musical tones have 
been transmitted some di^^tance, and with lamp'black even speech 
has been reproduced 40 metres from the transmitting mirror.' 

Sensitive Water-Jets.— When a jet of water issues through 
a circular hole, say y'^ inch in diameter, from a cistern two or 
three feet above the hole, it is sensitive to vibrations. Ordinarily 
a jet issuing from a round hole is at first a smootli cylinder, but 
at some little distance from the hole it breaks into drops. These 
drops go at different rates, and therefore collide, rebound, and 
8c:atter. But if the orifice be put in solid communication with, say, 
a tuning-fork of suitable pitch, the jet appears to be continuous, 
and there is no scattering. Really the drops are formed as before, 
but now at quite regular intervals, so that they follow in oi-derly 
procession. If the jet be illuminated by an intermittent beam of 
the same frequency as the influencing vibration, the regular issue 
of drops is revealed ; for, as one drop exactly moves into the 
position of the next between two successive ill nminat ions, they 
all appear at rest. If the periodic time of the light is rather 
gi-eater, the di-ops move rather more than the space between 
during the darkness. Each appears to have moved a little farther 
on, and there is a slow procession. If the periodic time of the 
light is rather less, there ap[>ears to be a slow retrogression. 

The regular separation of the jet depends upon the fact that 
a cylindrical surface of liquid, possessing a uniform surface tension, 
is unstable if its length is more than tt times its diameter. This 
may be illustrated by stretching a soap film between two equal 
circles, say between a ring and the end of a pipe, through which 
air can be blown to maintain the internal pressure. On drawing 
the ring from the pipe, and keeping up the air pressure so as to 
' Naitirt, xxiv. p. 42. 
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■MPfitatn the cwtindAal farm, as aoon wm tibe kngtii d^giitlT 
excc«df tlirH; tunes the dimieter, the film |iiiirl i r» in at one encl 
or the other and dirides into two, one aaoK eadi ring. Tlie 
mytabilitj is the gieatest if the ien^h is half as great again as 
this. As a stream of water isoes from an orifice, the crlindrical 
part is more than ir times as long as it is wide, and so its snr&oe 
IS imstable. If a tremor at the an6ce makes a d ep t cssio n oo the 
sar6ice of the jet, this is carried forward and tends to deepen as 
it goes, throi^ the instabilitT. The Telodtj, however, carries 
the jet forward some little distance before complete sevenmce 
occars, and the continooos part is therefore far larger than three 
diameters. If the depressions are made quite regnlariy by a 
tuning-fork in connection with the orifice, equal-spaced depressicms 
or necks are impressed on the jet, and it breaks up r^ulariy when 
these are farther apart than ibout three diameters. If about 4^ 
diameters apart, tne instability is greatest and the dea^age ia 
most rapid. 

Assuming, for the purpose of illustration, that a jet has 
diameter d and Telocity r, doe to a head A, so that i^^5tgk; 
then for maximum efiectiveness — 

2^«=tF= J2gh 

where n is the frequency of the fork, and 






h 
81<^ 



If Jssy^ foot and A = 4, n = 356 nearly. 

The orderly procession of drops may be easily shown in 
another way, viz., by allowing the stream to fall on a sheet of 
stiff* [)ai)er, or perhaps better, on a tin canister provided with a 
tube leading to the ear. llie note of the disturbing fork is 
clearly hcaru as due to the patter of the drops. 

IVIr. Chichester MelM has devised some very striking experi- 
ments in which this patter is rendered audible. He findis that a 
vertical jet descending from a very fine hole, say -i^ inch in 
diameter, in a gloss tube under a pressure of about 15 feet of 
water, is peculiarly sensitive. When it is allowed to inpinge on 
a sheet of india-rubber stretched over a tube half an inch in 
(lianu^ter, Nounds of suitable frequency communicated to the 
Nunnly tube are enormously magnified by the impact on the 
indl^i-ruhber. The ticking of a watch may be rendered audible 
iu tluH way to a large audience by placing it on a piece of wood 
touching the tube. Evidently the vibrations at the orifice are 
imprinhul on the jet, and the impressions deepen through the 
iuNtability. If the stretched sheet is struck by the jet before it 

» Phil, Tram., 177, 1886, p. 383. 
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has actually broken up, the rate at which it receives monientum, 
or the pressure on it, is proportioual to the cross section of the jet, 
which is variable with the vibrations. The pressure variation is 
greater the farther the sheet is from the orifice, and therefore the 
greater is the amplitude of the vibrations of the sheet. 

Some very interesting experiments on water-jets are described 
in Boys's Soap Bubbles. An account of the method of producing 
Chichester Bell's jets is also given there (p. 161). 

Musical Sand. — Near Mount Sinai at El Nakous {itakoia is 
the name for a metal plate used in Greek convents in the East in 
place of a bell), there are two sandy slopes so steep that any dis- 
turbance of the sand causes it to slide down. The heat of the sun 
even is sufficient to set it in motion. As it slides it emits a musical 
note. Accordiiifj to an account ' by a Mr. Seetzen, who visited 
the place some time before 1812, the sound appeared "to have 
the greatest analogy to the humming-top ; it rose and fell like the 
sound of the ^Eollan harp." 

Probably the phenomenon is to be classed with the curious 
musical notes emitted by some sands when sharply struck, such as 
those in Eigg, and at btudland Bay, near Swanage. Mr. Carus 
Wilson,* in investigating the conditions for sounding, found that 
the chief one was that the sand should consist of equal clean 
rounded gi'ains of quartz, and he even succeeded in making a 
hitherto silent sand musical by carefuUv sifting out round grains 
of equal size and boiling them in dilute hydrochloric acid to 
cleanse the surfaces. Sands which were at first musical became 
silent if often struck, probably through clogging with the abraded 
particles. The musical quality was sometimes restored by sifting, 
washing, and boiling. He observed that the most musical notes 
are obtained when the sand struck is contained in a vessel with 
hard polished sides, ^uch as a teacup. A rough interior renders 
most sands mute. An important paper by Prof. Osborne Reynolds, 
'■ On the dilutancy of media composed of rigid particles in con- 
tact,"' may give tne key to to the explanation of these phenomena. 
There is an arrangement of minimum volume for a number of 
equal spheres in contact. We may suppose the sand to consist 
of equal spheres, arranged, when undisturbed, so as to occupy 
minimum volume. When disturbed the mass may pass through 
many successive minima of volume before coming to rest, and if 
we can suppose that the time occupied in passing from one mini- 
mum to the next is constant, a musical note should issue. The 
smoothness of the containing vessel should enable the outer layer 
of particles more easily to change their position, and so more 
easily to assume successive minimum volume arrangements. 

Probably the squeaking of frozen and po*dery snow, when 
trodden on, is to be classed with the sounds obtained from sand. 

' Herachell's " Sound," 



CHAPTER X. 



THE SUFEBPOSmON OF WAVES. 



CamTBm, — InterfereEiee of Sound-Wa 

Combinaition Tones. 



Intcrfereiice of Somid-WaTes. 

the same length arrive at the same 
duces a disturbance of the freq 



— Wlien two trains ot vaves of 
point, their superposition pro- 
of either, and of amplitude 




Flo. 78. — Resultant of tvo HArmook VibrmtiiNM of 
tna Hune freqiMocy bat difFerent phiwi. CM, ON, 
barmoDk displacemeDts eomtpooding to tba cutnlar 
motaocw of OP And OQ ; OR, tba roctor nun of OP ond 
OQ ; OL, the resultant hannoDic displaoemeot. 



depending on their relative phases. If the amplitudes are equal 
and the miases the same, the superposition gives a double vibra- 
tion with an average double velocity, and, therefore, with four 
times the energy. If the phases are opposite, then union of the 
trains produces no vibration, and there is silence. With any 
intermediate relation of phases there will be a vibration of inter- 
mediate amplitude. 

The general result of the superposition of vibrations of the same 
frequency may be easily obtained from the trigonometrical expres- 
sion for the sum of the disturbances (see p. 66) ; but the following 
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geometrical method is perhaps preferable, and is of value also 
in the case where the two vibrations have different frequencieg. 

Let OA represent the amplitude of one vibration, OB that of 
the other (Fig. 78). Then, drawing circles on AOA' and BOB' 
as diameters, and allowing radii OP, OQ, to revolve uniformlv 
round these circles, the points MN at the feet of the ordinate's 
PM and QN may be taken as representing the vibrations. The 
angles POA, QOB, represent the two phases, and POQ, which 
is constant, represents the difference of phase. ITie resultant 
displacement is OM+ON. Now draw PR parallel and equal 
to 0<^, and therefore making a constant angle with OP, The 
projection OL of OR on OA equals the sum of the proiectiona 
of OP and PR, or of OP and OQ ; i.e. equals OM + ON. ' Hence, 
making the triangle OPR revolve uniformly round O, the projec- 
tion of R gives the resultant vibration. l{ the amplitudes of the 
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Fig. 79.— Interfere qcb Tab*. OBCbeinga longer path from 
O to M than OAC. F. organ-pipe; M, msaomeCnc flame. It 
one it |A longer thun OAC, the fUme at M ii nearlj tleady. 



components are a and b and the difference of phase a, the ampli- 
tude (■ of the resultant is 

c- v/fl« + fc» + 2orcOT"a. 

This varies between a + b and a—b, according to the value of a. 

Such superposition of vibrations is termed intorference, and 
many illustrations may be given of its occurrence with sound- 
waves. If a Y tube is held ivith one prong over each of two 
adjacent segments of a vibrating plate, and the third tube is con- 
nected to me ear, comparatively little sound is heard, since the 
waves coming up the two prongs are in opposite phases. If the 
two are held over the same segment, the phases are the same, and 
the sound is far louder. 

In Fig. 79 is represented another mode of exhibiting inter- 
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fcrenoe. M is a manometric flame, to which the sound-waves 
from a source, say an organ-pipe, can be carried by two channels, 
OAC, OBC. The length of OBC is adjusUble, and when it is 

pulled out V, the path difference is s. The waves, therefore^ 

arrive at M in opposite phases and neutralise each other, and the 
flame is nearly steady. With a shorter or longer path difference 
the flame is disturbed, and a revolving mirror near M may be 
used to show how it is affected. 

When a tuning-fork on its box is sounded near a wall, the 
direct and reflected train of waves are superposed in the space in 

front of the wall. If, for a given point, the path diffenn. « is ^ 

the two trains nearly neutralise each other, and the sound is a 
minimum at that point. If the difference is or X, they reinforce 
each other, and the sound is a maximum. As the fork is moved 
out from the wall a series of maxima and minima are heard bs 
the path difference passes from the value through the values 

o9 ^ ~o 9 &c. This may also be regarded fit)m another point of 

view. The reflected waves may be supposed to issue from the 
reflection of the fork in the wall, considered as a mirror. One 
source is moving towards the point, the other away fit)m it, and 
the frequencies of the two trains will be altered in opposite ways, 
according to Doppler's principle. Beats will, therefore, occur 
between the two notes. 

The stationary waves formed by the direct and reflected trains 
between the source and the wall may also be r^arded as examples 
of interference, the nodes occurring where the path difierence is 0, 

X 3x 

X, 2X, and the loops or the double motion where it is 5 -^' Ac.;. 

for now the opposite directions of motion will have the same effect 
as a reversal of phase throughout one train. 

The sensitive flame has been applied in this case by Lord 
Rayleigh to measure the wave-lengths of sources of frequency high 
enough to affect the flame. The source should be a bird-^1 or 
very nigh-pitched whistle of nearly pure tone. If this is blown 
steadily a few feet in front of a large board, a series of stationary 
waves IS formed, with the first node at the wall. The burner of 
the sensitive flame is then moved to and fro in the line from the 
source perpendicular to the wall, and the flame is least affected at 
the nodes. The average distance between successive positions of 
least effect is half a wave-length. If a tube connected to the ear 
is used, the points of silence, on the other hand, are at the loops.^ 

Other interference experiments have been devised correspond- 
ing to the bi-prism, to the Huygens zones and to the circular disc 
experiments in light.^ 

^ PkiL Mag,, viL 1879, p. 153. * Rayleigh's Sound, ii § 292e. 
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sity goes through its range of values in time i = l/n or the fre- 
quency of the beats is n. 

This is in agreement with observation. A hearer does not 
perceive the tones separately, but a single tone of varying inten- 
sity midway between the two in frequency. 

The graphical mode of representing two superposed vibrations 
in Fig. 78 also shows at once the number of beats per second. 
For if we suppose that N has greater frequency than M, OQ 
revolves more rapidly than OP. Every time that OQ gains a 
complete revolution on OP (or N a complete vibration on M), 
OPR will be a straight line and L will have a maximum ampli* 
tude. Midway, OQ will have gained half a revolution, and again 




Fio. 81. — Composition of two unequal Vibrational of slightly Different 
Periods. The projection of the reyolving radius OP represents the lower 
tone, that of PQ the upper. QT is the arc by which PQ gains on OP in 
one revolution of OP. If T is above OS, the resultant vibration time is 
less than that of OP ; if below more. 



OPR will be a straight line, but with R between O and P, and 
L will have a minimum amplitude. Thus, if the frequencies are 
m and w-hw, OQ wiii gain n complete revolutions per second, and 
there will be n beats per second. 

The same mode of construction may be used to explain the 
fact that when two tones of nearly the same frequency are sounded 
the pitch of the resultant tone varies, as well as the ampli- 
tude, if the amplitudes of the components are unequal} Let 
us consider the case in which the lower tone has the greater 
amplitude. Let OP (Fig. 81), revolving round O, represent the 
vibration of this lower tone in the manner of Fig. 78, and let PQ 

1 Helmholtz, 5CTi»a*«m« of Tone, 1875, App. XIV. ; Sedley Tavlor, PhU. Mag.^ 
xliv., 1872, p. 56. 



CONCORD AND DISCORD. 

represent the higher tone, PQ being less than OP. If OP revolves 
counter clockwise, PQ revolves in the same direction, but rather 
faster, moving through the additional angle QPT, say, where QT 
is perpendicular to PQ, in the period oi OP. If, then, at thtj 
beginning of a vibration, when the particle considered has its 
greatest displacement during that vibration, the two radii are in 
the position OP. PQ, when OP has completed its revolution, PQ 
has moved to PI' ; and OT being the sum of the two, the pro- 

Jection of T on OS now gives the position of the vibrating point. 
Jut T is above OS, or the point has rather more than completed 
its vibration. Hence its period is shorter and its frequency is 
greater than that of OP. 

Similarly, when the two radii are in the position OR, RS, the 
frequency is again greater than that of OP, since SV = QT is on 
the upper side of OS. 

When, however, the second radius is in either of the positions 
PQ' or RS', the frequency is leas than that of OP; for, tailing the 
first of these positions, by the time that OP has moved once 
round, PQ' has moved once round and through the additional 
angle QTiT, and the projection of 1" now gives the vibrating 
point. But T is below OS, i.e. the point has not yet completed 
Its ^^b^ation and the frequency is less than that of OP, Similarlv 
with ORS'. 

Returning to the first cas 
considering Q fixed and QP i 
is less than that of QP. 

Now the positions of OPQ, ORS, correspond to larger ampli- 
tudes, while the positions OPQ', ORS', correspond to smaller 
amplitudes. Hence, while the sound is louder, the tone lies 
between the two components, and while it is fainter the tone 
lies outside the lower, that is, is flatter than either. 

It is not difficult to show that in the case of equal amplitudes 
the angle subtended by QT at O is always the same, so that the 
frequenc;^ is always the same and the mean of the two frequencies. 
Perhaps it is sufficient to note that if we first suppose the system 
to revolve round O and then round Q in Fig. 81, the angle 
of advance represented by QT in the one case will be equal to the 
angle of retardation in the other, so that the period must be 
midway between those of the constituents. 

Ooncord and Discord. — When two pure tones are sounded 
together, and the pitch of one is gradually altered from unison 
with the other, tne beats, of course, gradually become more 
frequent. At first they are not necessarily disagreeable. Indeed, 
in the organ-stop voix celeste they are purposely made by having 
two pipes slightly out of unison to each key. IJut as the interval 
between the two tones increases, the beat becomes more like a rattle 
or a jar, and the sound pi-oduces a disagreeable sensation. Even 
after the beats l)econie too rapid to be sejiaratelv perceptible, we are 



s, that of OPQ, we can easily see, by 
iiid PO revolving, that the frequency 
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conscious of a roughness in the sound. Tliis roushness we ta 
discord or dissonance, and there is no doubt that it is the sensati 
rorresponding to the rapid intermission which, when slower, we ten 
beating. As the interval is still further increased there is a poi 
of nmxinuini roughness; after that, the dissonance diminishes, a 
finally oeases. Suppose, for example, that the two tones are, 
lK»gin with, r" = 512. As we lower one, the roughness increai 
till the lower tone is about 6' = 4S0, making 32 beats per secoi 
with c\ and at an interval of a semitone with it. Beyond tl 
the roughness diminishes, and about a'=426f, say 427, makii 
85 beats per second with c" and at an interval of a minor thu 
it finally ceases. But neither the interval nor the number of bet 
for maximum or limiting dissonance is constant; for, as we rise 
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Pia. R2.— Dinfrram illustratin^r the decrease of interral, but incroaae of beats for 
maximum dissonance as the pitch rises ; ordinates, number of beat*, 
I>08ition8 of the higher of the two tones on the scale. 



the scale, the number of beats for greatest dissonance increases, bi 
not in proportion to the frequency, so that the interval diminishe 
Fig. 82 is intended to exhibit tnis fact, the black lines showin 
constant intervals, while the dotted lines show the general natui 
of the intervals of maximum dissonance and limit of dissonane 
without any pretence to exactness. A number of beats which ma 
be very harsh between two high notes may hardly annoy us betwee 
two low notes. On the other hand, an interval which annoys i 
between two low notes ceases to be harsh between two high note 
The closing in of the interval of dissonance as the pitch rises pn 
bablv accounts for the fact that it is easier to tune high notes. 

fieats between Harmonics or Overtones.— ^ Undoubted! 
dissonance occurs between notes played on ordinary instrumen 
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at an interval far beyond that which we have just accepted as the 
limitmg interval, and whit-h averages about a minor third. But we 
have supposed the notea pure tones, whereas almost all musical notes 
are really compound, with a number of overtones, usually of the 
harmonic series. Even when the two fundamentals are far beyond 
the dissonance range, some of their partials may come within that 
range and give rise to perceptible roughness. 

Indeed, were all the overtones of the harmonic series present to 
a high order and all in equal strength, a single note would be dis- 
cordant through beats between its own harmonics. 

Putting down the frequencies of the harmonics and the intervals 
between successive pairs, as in the table below, it is evident that 
after the sixth the intervals are less than a minor third, and there- 
fore the tones will beat with disagreeable frequency. Instruments 
are usually so constructed and excited that the higher partials are 
very weak or altogether absent. The effect of their presence may 
be realised by plucking a piano-string near one end, when the 
higher harmonics are prominent and the note is disagreeably rough. 
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in briefly discussing some of the musical intervals, we shall 
stop short at the .sixth harmonic, assuming that the higher ones 
a.'e too weak to produce any noticeable effect, but that all are 
present up to the sixth. 

Beginning with the octave, let us represent the two funda- 
mentals by minims and their harmonics by crotchets as in Fig. 83. 
The upper note introduces no fresh overtones, and onlv changes 
the relative intensity of those already present in the lower. 
Hence, probably, the sense of repetition which we have with 
regard to the octave. Hence, also, its smoothness when exactly 
in tune. But if slightly out of tune there will be beating all 
along the series, and so the ear requires, and easily judges of, 
very accurate tuning. 

'Taking next the fifth (Fig. 84.), only the third harmonic of the 
higher is not included in those of the lower note, but this being 
within dissonance range of the fourth and fifth of the lower, there 
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tunine Since the partials usuallv decrease in inteisitv as their 
order rises, it is evidently easier to' tune the fifth than the fourth, 
and the fourth than the third or sixth. 

Of course the nature of the instrument greatly affects the 
concords. For example, with stopped pipes the even harmonics 
are absent, and the interval of a fourth consequenUv gains in 

smoothness. ,. ^ , . • i * .i_- 

We have here onlv briefly indicated the principles of this 
uhTMcal aspect of concord aid discord. For a full discussion 
of the subject the reader is referred to Helmholtzs great work. 
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Sen-iations of Tone. A very good account will be found in Sedley 
Taylor's Sound and ^futic. 

Combination Tones. — When two notes, each aeparately pure' 
and free from overtones, such as those given by forks over reson- 
ance cavities, are sounded togetlier, dissonance still occurs when the 
interval between the two tones is quite wide. Thus an octave of 
two separately pure tones is sensibly rough tf loud enough, and 
out of tunc, and even beats may be heard as the tuning approaches 
exactness. The explanation is to Ije sought in the existence of 
Oombin&tion Tones, or tones existing in neither note separately, 
and only arising when they are sounded together. The most 
easily recognised combination tone is one having a frequency 
equa^ to the difference of the frequency of the two original 
tones or primaries. It may be heard when two organ-pipes 
or flageolets are blown hard close to the listener, esjwcially 
if his attention is previouslv directed to the pitch of the 



Major third. 




Fw. se.— InUmla of Fourth, M»ior Third and M»jor Si»tb. 



tone he ia to listen for. It is very noticeable, too, when a double 
whistle is blown or when two gongs are struck near together. 
The fact that the frequency of this tone is equal to the frequency 
of the beats fonnerly led to the supposition that the beats them- 
.wlves merge into a musical tone. Tims Young' says; "When 
the beats of two sounds are too fi-equeiit to be heard as distinct 
augmentations of their force, they have the same effect as any 
other impulses which recur in regular succession and produce a 
regular note which has been denominated a grave harmonic." 
Now, a tone is ordinarily due to a succession of waves, such that 
the air in the first half of each wave is displaced forwards and the 
pressure is in excess of the normal, while in the second half the 
air is displaced backwards and the pressure is in defect. But 

■ Lciu-ri. ijcxiii. p. 391, ed. IM07. 
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arid M> on., the various upper tones evidently being obtainable in 
diffen^nt ways. The lower combination tones are the most im- 
portant, but they all rise in importance as the original vibrations 
incn;aite, and more than in proportion : for with the increaae in 
amplitude of the vibration of the tympanum, the part of the 
reifiiiring force not proportional to the amplitude conies more and 
more into prominence. 

By using resonators, it is easily shown that these tones are 
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usually formed in the ear of the percipient, and have no appreciable 
external existence. Did a given combination tone exist outside, an 
appropriate resonator held to the ear should reinforce it ; but it la 
found that the resonator does not, in general, augment the sound. 

In certain in^lniinents, however, such aa the harmonium, or the 
Biren as used by Heimholtz, the sound-waves issue immediately on 
their production from or into a confined air space, where the 
vibrations are so great thab the restoring force is no longer pro- 
{K>rtional to the displacement, and combination tones result having 
an existence in the external air. These are more easily heard by 
the aid of resonators. 

Riicker and Edser ^ have made an experiment directly proving 
the existence of combination tones in the air, the ear not being 
used at all. The sound from a double siren was directed on to 
a fork of frequency 6*, the fork carrying on one prong a mirror 
forming part of a MicheJson interferometer. Wnen two notes 
were simultaneously sounded which should have a combination 
tone of frequency 64, the interference bands disappeared, but re- 
appeared when the frequency was slightly different, thus showlne 
that the fork was thrown into vibration by resonance to extemftl 
vibration of its own frequency. 

Even in free air combination tones are doubtless produced, 
since the force is not exactly proportional to the displacement, 
but they are quite negligibiv small, and need not be taken iuto 
account. 

To illustrate the effect of combination tones on consonance, it 
will be sufficient here to take the single case of the octave. For 
a fuller discussion we refer the reader to Sensations of Tone or 
S. Taylor's Soimd and Munc. Suppoae that we have r'sSSfl 
and c' =619 sounding together. The first difference tone is 256 
merging with one of the primaries. The first summation tone is 
768, the thii-d harmonic of the lower; and all the other combina- 
tion tones will fall into the harmonic series. If the second priniary 
is out of tune, flat, say, by S2 vibrations, the beating of the 
primaries is 224, being outside the dissonance range. But the 
first difference tone has frequency 224, equal to that of the beats, 
and so comes within dissonance range of the lower primary and a 
roughness is perceived. 

Geoeral Mechanical Explanation of Combination Tones,'— 
Let us take the case of two reeds of fre<]uencies m and », mouiitea 
on a limited air-box and blown by air having an average excess of 
pressure P. First, suppose that one reed alone is vibratiTig with 
amplitude a and that the pressure excess is constant, then We may 
represent the issuing disturbance by — 

Pa sin 2irna, 

' Fkil. May.. x»«ii, 1895, p. 341. 

' Sentatiimt of Tone, ISTS, App. XVI. A tsthei fuller aooonuL of the proctnc- 
tioD oE CombiiiBtioa Tonea will betonnd in "Aootutioa," Bttcge. BriL, lOtb ed.. 
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which gives the first difference and first summation tones. Re- 
correcting the pressure for these tones, we should obtain tones of 
the second order, and so on. 

This investigation, of course, does not pretend to completeness, 
but it serves to give a correct general idea of the mode in which 
the combination tones are produced. 

We may also give a rough general account of their production 
in the ear. Let us suppose that a single powerful tone reaches 
the f*ar. We may regard the alternations of pressure which it 
nroduces against the drum as giving a strictly harmonic force. 
Now if the vibration of the drum were also strictly harmonic, the 
total force, external pressure + internal restoring force, must also 
lie harmonic. Since the external pressure is harmonic, this would 
imply that the internal restoring force is harmonic, and therefore 
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proportional to the displftceiiient. Bat the want of symmetry of 
the drum and its mode of attaciimcnt to the ossicles renders this 
impossible. In other words, the displacement due to a simple 
harmonic external force cannot itself be a simple harmonic. In 
fact, a term in the force proportional to the sq^iare of the displace- 
ment becomes more important as the displacement increases, and 
probably this tends to flatten the curve in the time-displacement 
diagram. The displacement curve, though not simply harmonic, 
is nevertheless truly periodic in the time of the external vibration, 
and may therefore, by Fourier's theorem, be resolved into a seric?' 
of strictly simple harmonics, having periods once, twice, thrice, 
&c., the period of the fundamental. Thus we get the self-combina- 
tion tones. The first of these, the octave, is sometimes heard 
when a tuning-fork, very sharply struck, is held over a cavity so 
as to give a very loud note. 

When two notes reach the ear, since the elasticity or the 
restoring force per unit displacement is not constant, but varies 
with the displacement, each note has, as it were, to make use of 
an elasticity rendered periodic by the other note; and so we may 
expect to find an effect similar to that with two reeds, where each 
is blown by a pressure rendered periodic by the other. That is, 
we may expect to find summation and difference combination tones 
in addition to the self- combination tones. 

Our knowledge of the physical concomitants of concord and 
discord, of which this chapter contains a very brief account, is 
almost entirely due to Helmholtz. His conclusions are now almost 
universallv accepted, and even the experimental evidence urged 
against tliem seems, on further examination, only more fiilly to 
confirm them. 
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G. 



Getcr's singing flame, 140. 
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Periodic curve, 63. 
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Pipes as musical instruments^ 108; 
Kundt's experiments on pressure 
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sound in, 114-120. 
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Refraction of sound, 6, 33-35. 
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Seebeck's siren, 36. 
Self-combination tones, 155. 
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quency of, 8; loudness of, 8; 
material medium necessary for, 
5 ; meaning of term, 1 ; origin 
of, 1 ; passage of, through air, 
5 ; through solid objects, 5 ; 
through water, 6 ; pitch of, 8 ; 
quality of, 10; reflection of, 6, 
31-33; refraction of, 6, 33-05; 
veloci^ of, 5, 6-31 ; vibrations, 
the usual source of, 1. 

Sound-sensations, characteristics of, 
8. 

Sound-waves in air from vibrating 
plate, interference of, 146; longi- 
tudinal, 10. 

Sounding-tube, Rijke's, 139. 

Stampfer, experiments by, on sound 
velocity, 25. 

Stationary waves, 98. 

Stone, experiments by, on sound 
velocity, 25. 

String, harmonics of a, 82. 

Stringed instruments, 80. 

Strings, experiments by Melde on, 
83 ; velocity of waves in stretched, 
93-95 ; vibration of stretched, 
80-98. 

Stroboscopic methods of determining 
frequency, 41. 

Sturm, experiments by, on velocity 
of sound in water, 30. 

Summation combination tones, 
156. 



T. 



Temperament, 57* 

Temperature, influence of, on refrac- 
tion of sound, 21, 25 ; on tuning- 
forks, 128 ; on velocity of sound, 
21, 25. 

Threlfall, experiments by, on velocity 
of sound waves in water, 30. 

Tone, 69, 85 ; number of waves giving 
sensation of, 51. 

Tones, combination, 155, 156; simple, 

6a 

Tonometer, Scheibler's, 39. 
Trevelyan's rocking bar, 134. 



INDEX. 
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Tuning-forks^ electric maintenance Violle, experiments by, on sound 



of, 40; influence of temperature 
on, 128. 



V. 



Van Beck, his experiments on sound 
velocity, 25. 

Vautier, experiments by, on sound 
velocity, 29. 

Velocity curve of waves, 13. 

Velocity of sound, 5, 16-31 ; eflfoct 
of temperature on, 21 ; influence 
of wind on, 23; of sounds in 
pipes, 114 - 120 ; waves in a 
stretched string, 93. 

Vibrations due to heat, 134-142 ; 
forced, 60 ; of air in pipes, 104 ; 
of plates, 129-131; of rods, 
121-129. 

Vibration microscope, 77-79. 

Vibrations, analysis of, 63-79 ; com- 
position of, at right angles, 74; 
of bells, 131 ; of liquids in 
sounding pipes, 120 ; of mem- 
branes, 132 ; of stretched strings 
or wires, 80 ; transverse, 85-98w 



velocity, 29. 



W. 



Water, velocity of sound in, 21, 22^ 
30. 

Water-jets, sensitive, 142. 

Water-waves, reflection of, 4 ; re- 
fracticn of, 4. 

Wave-length, 14. 

Waves, amplitude of, 3 ; charac- 
teristics of, 3 ; displacement curve 
of, 13, 17 ; displacement diagram 
for, 12; longitudinal, 10, 16; 
number of, giving sensation of 
tone, 51 ; of open organ pipes, 14 ; 
of tuning-fork, 14 ; of violin, 14 ; 
pressure curve of, 13; reflection 
of, 97; against a yielding waU, 
106 ; at a rigid wall, 105 ; station- 
ary, 97, 98 ; superposition of, 
145-158; in a stretched string, 
95; transversal, 10. 

Whispering galleries, 32. 

Wind, influence of, on velocity of 
sound, 23, 33. 
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anlnli.-OBaEnJ DcMrlpUon Dt HkrlnF Uubloerr.— The CondlUdni or Serrleaud 
DallH of EoiliiMn or Uis Boitl Hirr.— Enlrv and UondluoiM of Snrvlce dI EagliuHri ot 
«.. T „ji„ u a r. — p»Mfli,— RhIbIm Slaun — IioliM ot ft 8I««niLng Wuoh 00 Kd(Idi- 

K an Huwii.--3larb«u Dnltn ud W — —- "'— — 

-PraHrrulDD and Bspiln dT '■Tuk" 

Id Pi)Dllii| MuUnaiT.— Boolpnioi ~ 

,Ur RanAbm ^ Enperslon. -^ 

1 Uu^iKT.-Alr-OoiiipnulM I 

, .. ojan.— Tha IbiugdiKDI of Wale 

ZatiT of Aulitut Siuliwen, B.H.— (]ds«1odi ilTei 
'---TLaN.— BeRiIilloiuisiipietlDRBwraofTn 

■Sai, mod It li HditaoUu? lo And ibu srua 



n^ia.— ClBuiloiud PilDlliif MuUnaiT.— BaalpnmaDf Pampa. I'»d Bslcn, ul 
ADtomuls Taed -Vatar Ranbtm — Enpenton. — Swam Boiu. — Eluirto Llgh 
Mutalnsrj.— Hidimnlla Umol^iarT.— Alr.OoiBpnulM Pnnipi.— BaFrlg 
— HaehlDinT irf Dsatroran.— Tha IbiugdiKDI of WnlerTDlw Butlsn 
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In Large Crown gvo, Clotb. Fully Illustrated. St. net. 

o I x^ F u c: i:.: 

ITS SUPPLY, COMPOSITION, AND APPLICATION. 
Br SIDNEY H. NORTH, 



COMTBKTB.— The SoQMM ol Boupl/.— EooBOBilc A»p«ct of Ui|nid PucL— Clwmioal 
ConipndClan of Pnel 011i._CiindlUoDa of Combuttloo in Oil Fuel Forn(oe>.~BirlJ 
UeClioiIii uid Bifairlmetiti. —Modern Bumnn and Metbodi.— Oil J^al lor Marine Pur- 
pogu.— For Naial PorpoiH,— Ou LooomottTH.— For Uoullurgtcal and olhet PurpoMa. 
— Appendil^e■. -INDEX. 

" *' Intonated in this Important qneillon wUl woLcomB Mr. North's eiiollent 
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jo OHARLEa QRIFFIN A CO.'S PUBL1CATI0S8. 

S«x)Nt> Editcon, R«yiwd. With naineroiu FUtai redoced froB 

Working Urawingi uid 280 Illutntioiu in th« Text. XIk. 

A MANUAL OF 

LOCOMOTIVE ENGINEERING: 

A PrncUcal Text-Book for the Use of Engine Builders, 

Designers and Draughtsmen, Railway 

Engineers, and Students. 

Rv WILUAM FRANK PETTIGKEW. M.Ixst.C.E. 

With a SeotiOQ on American and Continental Bnginaa. 

By albert F. RaVENSHEAR, B.8c.. 

Of Hli MalBit^'i PuMnt Om». 



. ... xnilU (Dd COOpUlIB HDd>, — WDHll 

trlu lliirlii|>.^«liDiUnii,-V&1n Ocor.-SLK 

i«, ThTm uid Alt* Tniska. B*dl«l Ail* Boit_. ^_ 

I ritiIu>.--Boll«r UonDtlnn,— Tndsn. UElln; BnkH,— LubrtoOiK— Om- 
90 of FmI. KnHrUlan mnd RngliiB 1' IPclsnEy.— Amsrloui LOHBiMlna — Ob»- 
1 LooanwHvH,— B*|iMni. BDnalni, InapscUini. — ' " '- "^ — ' " — 



"TliB work nontiti* ku. nur on ■■ [.kukt rrain ■ book Dpon •ocli iLnbjfM. ti 
■111 m DOiM ruik H THi iTuriiUTi van vkwthib iiipa«A«TiDun:T,"-Xaih»i> JTa^iriM. 

At Purmi. in ha-r^e 8vo. Fully Illiutnited. 

LOCOMOTIVE COMPOUNDING AND SUPERHEATING. 
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HI. — Two-CjiUDder 

Fr Uun Tuidan>i — 



/b Largf 8to, HaniUom* OlotK. With Plala ami lUiutTatiotu. 16». 

AT HOME AND ABROAD. 
By WILLIAM HENRY OOLE, M.Inst.O.E., 

f.'oiUenU. — D'ueiMaitiD of (he Term ' 
RalH, uifl Futnnv. — Liifbt Railwa^ 
EiurcipMm CunntriHa. Amerioa uid the Oolouiei, Indis, ii . 

CH an iltemativB.- The ligiit Rulwara Act, 1896.— The ^ „ 
g».— Conrtruotion uid WiirlunH.- Locumotive* and Riillina-Stock.— Light 
lUilwnr* is BtiKUnd. SootUnd. Uid WsJei.— Appendicei and Indec 

" will nmklB. lor bus time lat ■ firunuD Wou in steryihlni rslatlng lo Ufbl 
UUnn. "— Sn^iwtf. 

■"Aa <rt<>l« «bi*« !■ iiin»BIIiT«iT ud r«»{moii.n ooniiiderscL The work cm In 



liun of (he Term " Lijjht RaUwayB."— Englwli B*ilw«r», 
1. — Liifbt Railw&yt in Belginm, France, Itolr. otaa 
, Amerioa and the Ooloniei, India, inlanil.— Road Xnuu- 



LONDON : CHARLES GRIFFIK A CO.. UMirEO, EX£TER STREET. STRAND 



SNatSMBRlHQ AND MBOBAXIOB. 31 

Fourth Edition. Thoroughly Revised and Greatly Enlarged. 
With A'timtrma UiuitTaiioni,. Prxct 10». 6d. 

VALVES AND VALVE-GEARING: 

A PRACTICAL TEXT-BOOK FOE THE USE OF 

ENGINEERS, DEADGHTSMEN, AND STDDENTS. 
By CHARLES HURST, Practical Draughteman. 

I'jlliT I. -Steam Eii«i"e Vnlves. I Pjht Ul— Air CniiircMor VbItm and 

Faxt II.— Giu EuglDC Volcti una GFVlnif. 

Gran. I Pabt IV.— Pump Vslvei. 

"Hl Hdut* tutd uid Tuf»4U(]ia Till proTt ■ nij »LiubJ( aid, wid lend Id Uk 

mdnatloii orKnilDHDf iDiuTinc Pini0> ud KanmicAbwouiiB. . . . WUt be lugolr 

muM after br Btudinu ud Dtdinun.'— HarfM WmtuMr, 



Hints on Steam Engfne Design and Construotlon. By Cqarles 
HuKSt, "'Author of Viih-ea am) Valve Geitriug." .Second Editiok, 
RHviaed. In Paper lioarda, 8vo.. Cloth Back. IlluBtrated. Prioe 
U. 6d. [ - 
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Computed to Four Places of Decimals for every Minute of AuKle 

up to 100 of Distance. 

For the Use or Surveyors and Engineers. 

By RICH.-KRD LLOYD GURDEN, 

Aathun'sed Surveyoi for the Goveninienls of New South Wain ana Victoria. 

*,* f^iiiMid leilk thi Conmrraia t/ til Siiro^reri-Gtntral ler Nta .ii-ui 

WaUt and Vielona. 



Strongly Hound in Siijier Royal Hvo. Clotli Boards. 7b. dd. net 

BONUS TA.BX.ES: 

For Calculating Wages on the Bonus or Premium Systems. 

Far Engineering, Technical and Allied Tiadea. 

Bt henry a. GOLDING, A.M.Inbt.M.E., 
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Lubrication & Lubricants: 

A TREATISE ON THE 
THEORY AND PRACTICE OF LUBRICATION 

NATURE, PROPERTIES, AND TESTING OF LUBRICANTS. 
By LEONARD ARCHBUTT, F.I.O., F.O.8., 



R. MO0NTFORD DEELET, M.I.Mech.E., F.G.S., 

Ghlsf LocDDuMlio Bii|HiiDt«ndenI, Wdljiiid Ballwij Gompanr. 
.. -L Friction of SolliU,— IL LIqnW ■FrtotLon or Vliooiitr, •I"l PI" 

L BuparBolil Tendon.— IV. The Thecin o( Labriention.-V. Lnbriis 

ttulr Soniiwi, Frapirmtlou, nod FropeItl«.— VI, Plijralu 

bunlDition of LubrlomU VS. Gbemical Frapertiu 

or LabrlouU.— VUL The SfrtHiistlD Tntlng of Lnbrianll bj FbFlic^ and Ch 
IfetliotU.— IX. TIL* Hgobaulaal Tutlu of Labrlanu.— Z. Tbs D«>!gn anil Lubci 
ol B«ulT1gi.^Xl. The LubrlflBtlonot Maohlnerr.^lHDBX, 

" Dsitlnid to becoms > Oljmc do Uie lubject."— /nduffriu and Iran. 

'• CobUini pncUculIy AU, TBat Is emiwh un the lubJeeC, Deeervei tbe < 
(tleoti™ o( all Knglneen,"— Boairaji cyirioJ Qazrtlt. 



FoiTHTH Edition, Vergf*ilXy IliuMrattd, Ololh, 4«, Bd. 

STEAM - BOI LERSi 

their defbots, u&naaeuent, and oonstrnotion. 
By R. D. MUNEO, 

Chttf Bngi'iteT of IA« ScollitK Sutler Inlaraace and Sngim AwpMCfon Camt«'*T 



) by Oveih»i;»g of Plalet— ()) 



Oefeciive and Ovnioaded Safely Vslvn— <3) Bj CorrotioD. Imrmsl or Eiifniiil-ii} By 

n , ... . ■,._! J r- ^__ „T__._^^^ p[^^ Tubei; Umlrenglhcnid Manhola- 

J Slavini: SlrauEth of RivelKd lo' '" " ■ " 

VwreicA 



Defeciivi DeiigD and CoDtmidiiiii (Unnipi^Dned^ F 
- - - ^ — .- -"- -sd/oinUiF 



r of Safely )-lI.CoHSTi 



and Fire-HolB — Firebojea — Mountinp — Man.gtmrnl— CkiiDing— Tablt of BioniDE 
Pmiuna of SimJ Boilm-Table df Itivelied JolnW-Spccilicalrau and Dia«ii>g> 3 
Lanoihire BollEr for Workiiig Piuures la) Bo lb t. ; (i) too fbi. per iquuE inch re&pecuTelir. 

" A valuable campaiiiaD for workmen and enKinecrs «ieage<I about Steam Boilera, tngkt 
to be caiefUUy iLndied, and a1.vavs at hand."— CiiV. CuaniiMti. 

" Tlw boalr ii Tunr uikpul, etpecUHy lo steam mcrs, aitUans, and yoimg BnglnQftTA."— 

Br THS SAUK AUTHDfi. 

KITCHEN BOILER EXPLOSIONS: Why 

they Occur, and How to Prevent their Occurrence. A Practical Hand- 
boolt based on Actual Experiment, Willi Diagram and Coloured Plate. 

LONDON! CHARLES SRIFFIN & CO., LIMITED, EXETER STREET, STRAND. 



!u Crown 81V, Cloth. Fully lUustrnttd. 5J. nrl. 

EMERY GRINDING MACHINERY. 

A ToKl-Book of Workshoo PracUea In General Tool Grinding, and the 
Design. Construction, and Application of the Machines Employed. 

Bv R. B. HODGSON, A.M.Inst.Mech.E. 

IMTKODUCTION. — Tool Grinding. — Emery Wheels. — Moianling Emery Wheels. 
— Emery Rings and Cylinders. — Condiliom to Ensure Efficient Working. — 
Leading Types of Machines. — Concave and Convex Grinding. — Cup and Cone 
Machines. — Multiple Grinding. — "Guest" Univeiial aAd Culler Grinding 
Machinei. — Ward Universal Cutler Grinder. — Press.— Tool Grinding. —Lathe 
Centre Grinder.- Potisbiog.- Index. 

"Emincnlly practical ■ . . cannol f>i] 10 Bltncl ihi DoticeoTlhc UKnoT thisclusor 
.uchiflirr. End 10 mcfl wilh canful pcruial."— C^n. Trad/Joumal. 

In Thbi'.e Parts, down 8vo. Handsome Cloth. Very Fully Illustrated. 

MOTOR-CAR MECHANISM AND MANAGEMENT. 

By W. POYNTER ADAMS, M.Inst.E.E. 

Part I.— The Petrol Car. Part II,— The Electrical Car. 
Part III.-The Steam Car. 

PART l.-THE PETROL CAR. S^- net^ 

Contents.- Section I.— The Mechanism of the Petrol Car.— 
The Engine. — The Enjpne Accessories. — Electrical Ignition and Accessories. 
—Multiple Cylinder Engines.— The Petrol.- The Chassis and Driving Gear. 
— Section II.— The Management ov the Petrol Car, — The Engine. — 
The Engine Accessories. — Electrical Ignitjon, — The Chassis and Driving 
Gear.- General Management. — Glossary. — Index. 

" Shuuld be rsTKhWy tludin! by thoH whd have ui;lhiiiB to do irilh iiiD(Dn."~.4>iri>- 



At Pbbss. In Large 8vo. Handsome Cloth. Very Fully lUiutrated. 
A MANUAL OF 

PETROL MOTORS AND MOTOR-CARS. 

Comprising the Designing. Construction, and Worliing of Petrol Motors. 
By P. STRICKLAND. 

GENIBAL CONTSBTS.— FtBT 1.1 1 

ArTDUBcment of Knglnn. — Ignition.- 

Crsok Shalt*, Cninli Chambers, Cami, , , ._ _.,. 

Pipe ArrangonipnU.— ailBDoen.— Englbe Control. Balaurtng.— Motor ['jele Bnglnei.— 
Mnrius Uoton.^TwD-Cycte Uotora.— Panflla Ctrbureltun.— Ou Producrn. Pari 
11.^ CAtB.~Gsneral Arranfcmenta — Clatclies.— TnunnlMlon._ DlIferenUBl Oeui. — 
liulverul JalDt(.~Axle<. — Spring*. — Radius Bods. ~ BrikH. — Wheels. — Frunsa. - 

Bteering Oear. - Kadlator. - Step*. Mndjrr-- '- " *- »-■--'•-'— 

UvarlnitiL- Bodia*.— Facton of ElaMj OsTe 

Oesn.— epcdal Cars.— Comtnendal TshlclsL 
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ANDREW JAMIESON, M.lNST.CE., M.I.E.E, F.R.&E., 
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PROFESSOR JAUIESON'S ASVAMCED TEXTBOOKS 

/h Largt Crown Sue. Fully lUustraleii. 

STEAM AND STEAH-ENGINES, INCLUDING TURBINES 

AND BOILERS. For ihe Use of Engineers ind for Studenls prepanng 
for Eiaminalioiu. Wilb 800 pp., ovei 400 Ulusiralions, i [ PlBtes. many 
B-ofli.. C. HndG., QuestiofH and Answers, and all Inst. C.E. Exams, 
on Theory of Heal E'l^iiics. Fiftebntr Edition. Revised, los. 6(1. 
"Tha But Book yet publiibcd (01 Ihc un of SluiIcDU."^£iifvi(rT. 

APPUED MECHANICS & MECHANICAL ENGINEERING. 

Iticluding All Ihe last. C.E. Kxams. in (1) Applied Mechonici ; 
(i) Strengih and Elnsticily of Mnlerials; (3a) Theoiy of Slruelurra; 
liDTbeoi^ofMachines; Hydraulics. AlsoB.ofE.; Cand G.Questiooik 
Vol. 1. — Comprbiog 568 pages, 300 llluslrations, nod Queslloiu: 
Part 1., The Principle of Work and iti A^plirations ; Fail II.: FriJlion, 
Lubrication of Bearings, &c. ; UifTetent kinds of Gearing and their Appli- 
cations to Workshop Tools. &e, Fifth Edition. 8s. 6d. 

"Pvu-V MAIHTAiHi ths npuUliiK tj ilie tM£tiai."—Prmt. RMei'"tt. 

Voi. n,— Comprimng Parli III. to VI., with over 800 pages, 371 Illus- 

Irationi ; Motion and Energy, Theory of Struclurcs or Graphic Sialics ; 

Strength and Elasticity of Materials ; Hydranlici and Hydraulic 

.Machinery. FiFTTi Edition, izs. 6d. 
"Will and lucidlv whittih. '-r.tr Ensintrr. 



PROFESSOR JAMIESOM-S INTRODUCTORY UAN0AL8 

Crsimi 8jw. IVilh fUiistraluns and EiaminaHan Paptn. 

STEAM AND THE STEAM-ENGINE (Elementary 

Manual of). For First-Year Students, formirg an Introduction lo the 
Author's larger Work. Elkventh Ehition, Revised and Enlarged. 3/6. 

MAGNETISM AND ELECTRICITY (Practical Elementary 

Mnnnalof). For FirM-Veac Students. With Stml Inst.C.E. and B. of E. 
Exam. Quesiions. Sevknth Edition, Revised and Enlarged. 3/6. 

APPLIED MECHANICS (Elementary Manual oH. 

For First- Year Studenla. With B. of E., C. and G. ; and Slu.l. Insl. C.E. 
^Questions. Seventh Edition, Revised and Greatly EnlaiEed, 3/6. 



A POCKET-BOOK of ELECTRICAL RULES and TABLES. 

For the Use of Eleci.icians and Fnginee.i. By John Munro, C.E.. 
and I'rof. JAMIE50N, Pocket Site. Uather, 85. 6d. litGHTEeNTH 
Ed it 1 O.N. [See p. 48. 
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WOR KS BY 

W. J. HACgOORN RANKINE, LL.D., F.R.S., 

£at> ff*«fw( PraftHtr of CMI EitBlnHrlng In (fi« UKlmriltt of SlotfM. 
THOBODOBLT HtVlSED Bt 

"W. J. MILLAR, C.E., 

lot* StBitUni to (A* Inttltutt of Englnttn anH SMaMiatn In Sottlwd. 



A MANUAL OF APPLIED MECHANICS : 

Oonipriiing tli« FriDciplei of SUtici uid Cioeiimtics, and Theory at 
Stnoturea, Mechuiiim, and Machine*. With Nnmeroni Diagraina, 
Crown 8vo, ololh. Sevbntebrth Edition. 12«. 6d. 



A MANUAL OF CIVIL ENGINEERING: 

OomprUing Bngineering Sarveya. Earthwork, Foondationi, Maaonry, Car- 
pentry, Metal Work, Roodi, Railways, CaaaU, lUven, Watarworki, 
Harboan, JCo. With Nmneroiu Tablet and Uliutrations. Crown 8vo. 
nloth, Twihtv-Secohd Editioii. Ida. 



A MANUAL OF HACHINERT AND HILLWORE : 

Oompriiin;; the Geometry, Motions, Work. Strength, Coiutniotlan, and 
Object* of Machines, i.B. Illuitrated with nearly 300 WoodoatB, 
Crown 8vo, aloth. Sevbmth EDtnoK. 12*. 6d. 



A MANUAL OF THE STEAM-ENGINE AND OTHER 
PRIME HOVERS: 

with a Section on Gab, Oil, and Air EnoitiEa, by Bbtah Dokkih, 
M.la>t.C.E. With Folding Platea and Nnmeroai IltoMntloni. 
Crown Hvo, oloth. ISixteintu Edition. t3i. ed. 
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}6 0BABLB8 ORIFFIlf A OO.'S PUBLtOATIOKS. 

Pv>r. RiuixiNB's Wnuu — {CtntiHimt). 

USEFUL RULES AND TABLES : 

far AfobitMta, Bnildera, Bngiaeera, F'onndert, Meobfttiio*, Shipbuilder!, 
Snrveyon, Ac. With ApPBNDExforthenwof ELtOTBiOAt. BsowKBBa. 
By ProfsHor Jahisson, F.I;.S.K. SBva.HTB Bmnoii. lOa. Sd. 



A MECHANICAL TEXT-BOOK: 

A Pmitical kad ^rople IntrodnctioD to the Study of UMhuiio*. By 
Profenor Raxeinb kud E. F. Bahbeb, C.E. With Namerona Illaa 
(ratioiu. Crown !4ro, cloth. FirtH Edrion. 9a. 
•.• rw ■■ BKaiino.1. T.it-Booi ' «ni <«»tr«<l 1» ProtoHor Uurun at mm Imo- 



MISCELLANEOUS SCIENTIFIC PAPERS. 

Itoynl 8va. Cloth, 3l9. 6d. 

Part I. Pttpera reUliag to Temperature, Eluticity, uid Eipanaloa af 
Tapoan, Liquids, nad ^olida. Part II. Papera oa Energy and its rraDi- 
fonnttiona. Part III. Paper* on Wave-Forms, Propulsion ol Vessels, ko. 

With Memoir by Pcofesaor Tai*, M.A. Edited by W. J. MiuoR, O.B. 
With ftae Portrait od Steel, Plates, and Diagrams. 



X uy work u 



. , . . Thi Collcti 

if the luuure of lut di 



Bv W, VINCENT SHELTON (Foreman to 

ihe Impennl Ottoman Gun Factories, Coosttnlinople) : 

THE MECHANICS GUIDE: A Hand-Book (or Engineer! iaiI 
Artiiani. With Copious Tables and Valuable Recipes for Piactical Uk. 
IllostTsted. Ssend Ediliim. Crawn Svo. Cloth, 7/6. 
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HYDRAULIC POWER 
HYDRAULIC MACHINERY. 

HENRY ROBINSON, M. iNST. C.E, F.G.S., 

CoNTRHTB — Dischirgc ihrouth Orifices.— Fiow of Waiet through Pintj.— Accumuluon. 
— PreiMt UPd Lifts.— HoisIi.—fUins.—Kvdmilii: £nEin«.— Pumpuig EnKUiES.— CapsUU. 
— TiBvencn. — Junks. — Weighing Machinci. — Riveten and Shi« TodIi. — Puoduni. 
SheariDg, otid FtaDgine Machinct. — Cniiica. — Coal Ditchargipg MachioH. — DHlk and 



Cultcru— Pile Driven, Ei CI valon, ft<:.— Hrdnulic Madlmery applied ID Bridles, Dock 
GhUs, Wheels and Tuitunei.— Shieldi. — Vimoui Syucnu ud Power iDitallalioai — 

"The jundanl work on the appIicuioD of wUer pomr."— CiMiut'i Macaiint. 



TEE PBIKCIPLES Am COHSTRDCTIOll OP 

PUMPING MACHINERY 

(STEAM AND WATER PRESSURE). 

With Pratjtical IlluitratEona of Engines and Puupa applied to Minino, 

Town Wate& Bdpplt, Draimaob of Luida, fto., aln 

ftad Effioiencjr Trialg of Pumping Machinery. 

Br HENRY DAVEY, 






L r.o.s. 



MscbuLctl EnglDu. 

CoNTSNTs —Early History of Pampin^ Elnxineft — Steam Pnmpiog Enginea — 
Pnmpi and Pump Valvea — Geoeral PriDcmlsB of Non-Kotative Pompiog 
EDginea — The Cormah Engine, Simple and Compaund — Types of Mining 
Engines — Pit Work— Shaft Sinking— Hydraulio TranamiMion of Power in 
Mines— Electric Transmiaaion of Power— Val™ Gears of Pumping Engioeg 
— Water Preeanre Pnmping Engines — Water Works Engines — Fnoijiiug 
Engine Economy and Trials of Pnmping Machinery— Centrifugal and other 
Low- lift Pumps — Hydranlic Rams. Pumping Mains, ha, — IHIiEX. 

"By Uie '000 English Knglneor who pnitublr knows mom ahonl Pnmplog UaelUoaFT 
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THE "*^';j,'j;;'^(^£;j;^y'''0p' ships. 

SIR EDWARD J, REED, K-C.B., F.R.S., M.P., 



will find brought logetQer and nadv i 



THE DESION AITD CONSIBUOTION OF SHIPS. By John 

Harvard Bilhs, M.InsT.N.A., Piofessoi of Naval Aichiteclure m th« 
Univetsily of Glasgow. [/n Prefaralitm. 



Third Edition. Illustrated wiih Flaies, Nuineious Diagrams, and 
Figures in (he Text, iSs, net. 

STEEL SHI PS: 

THEIB CONSTRUCTION AND MAINTENANCE. 

A Manual for Shipbaildeta. Ship Superintendents. Students, 

and Marine Engineers. 

By THOMAS WALTON, Naval Architect, 

OoNTKMTa. —I. Mwmtsctnre ot Cant Iron, Wrought Iron, and SteoL — Com- 

SMitiiin of Iron Mni Steel, Qimlity, Strength, Teeta, ko. II. Clsasifioation of 
teelShipa. III. OonaideratiunainmakinKchoiceoCTrpeof VeaaeL— Frunine 
uf Ships. tV. Strung enperienced by Sbi|». — MetDodH of Compntiiu; and 
Comparing Strengths of Ships. V. CanaCruction of Shiiw. — Attvntatire Modes 
of Construction.— Types of Vasaels. — Turret, 3«U Trinuniny, and Trunk 
SteMQi-rs. &o.— Rivets and Kivatting, Workmanship. VI. Pumping Arraoge- 
menta. VEI, MaintenaDCe, — Prevention of Dsterioratdon in the Hails of 
Bhipe. — Cement, Paint, Ac — Indkx. 

snT of tham tMbeingwonhjot eroeptioDal pmise. AJlo^Lber, tba work la anallant. and 
will proT« or ffraat valDfl to tba«a Tor whom U [a lateadcd." — The Engiintr. 



At P&e»s. In Handsome Cloth. Ver^ iully Illustrated, 

PRESENT-DAY SHIPBUILDING. 

For Shipyard Students. Ships' Officers, and Engineers. 

By THOa. WALTON, 

Author ol "Kdow Your Own Ship." 

GBiiBBALCat(TBBT8.—ClaBBifi«ation.— Materials used in Shipbuilding.^ 

AJtenialive Modea of Construction.— Details of Uonstmotion.— Pramiog, 

Plating, Rirotting, Stem Frames, Twin-Sarew Acrangements, Water 

Ballast ArriinEements, Loadini^ and Discharging Gear, Ac. —Type* of 

Vessels, including Atlantic Liners, Cargo SteamErs, Oil carrying Steamen, 

Turret and other Self Trimming Steamers, &c. — Indix, 
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NAUTIOAL WORKS. 

GRIFFIN'S NAUTICAL SERIES. 

Edited bt E D W. BLACKMORE, 

Uut«r Hwloit, Flnt Clui Trlnil? HnnH CerUBeiM. Auoc Inii. N.jL ; 

Ahd wkjtten. luiiiLT, br SuLORs lor suiiota. 



—Liverpool Joar-n, q 



The British Mercantile Marine : An Ri>toHo&i Sketch of i 

>nd Bsvelapment. By Uie E^lToK. Cin. BLAauoKK. <•. Bd, 



Elementary Seam&nsbtp. By D. Wilsom-Barkiir, MoBter Mariner, 

F.B.S.E., P.E.O.H. WlOi numefuiii ifl«t(* two In Uoloun, — ■ " — .i.~i-~. 
■ " B, T1ion>mihl7 EeviioJ. With uWlltoaul llli»lt« 



Know Your Own Ship : A Simple Eipluutioa of the Stability, Cod- 
strDOIinn. Tonnw. wid Preeboud of Shiph By TBOe. WlLTON, Navftl ArohltMt. 

CBleulalloni. NiKTH Bdit;ok, 7>. M. 

" Mr. WiLTOK's book wUl be fonml vuri dIbfdi."— rA* Kngimer. 

Navlffation : Theoretical and Practio&l- By D. WrLaowBiRKiB 

and Wnj.iAii ALLinsuiM. SEoosoBDmoH, Rcvlied. ai. Sd. 

"ITiKCiSKLY the kind at work torjulred (or the New Certlfickle* of 



Marine HeteorolOgy : For Officum of tho Merchant Navy. By 
with ninnratioDi, ijapi, and IHimmiia, 'and /lunnub reproduction o( log p>g*. 



'Shipping ea»!((!. 



Latitude and Longitude : How to And them. By W. J. Millab, 

C.Z. SecoHI> EI>Itiiiii, RevlMil. it. 

" Cannot hot prate au acqulaitlon to thoae itadylng Narleatlon."— Karltw Bnainetr. 

Practical Hechanlcs : Applied to tb< 

Bj Tnos. Mackkneis, Muter Mariner, F.It.A._. _ , - 

" WELL WOKTH the money . . . MOBBbrsatr HiLprdL."— Sfciwiinfl ITorM. 
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Practical AlC'cbra. By Riok. C. BrcK. Companion Volume to the 
aboTo, [or HilTori nud iilheri. SKCOwn Epitton, Eerised. Prtoe !l>. 8d. 
"It U JUST THE BouE tor the rouugaollur mindful ulprasreu."-AwilieaJjrw<uu>'< 

The Lesral Duties of Shipmasters. By BunEDtcr Wu. Gihbbdso, 

M.A., LL.D., o( the Inner Temple and Northern Clreolt: Barrt<t«r-at-Law, BBOOjni 

El'ITION. Thoroughly Rerleed and Eiilontcil. Prloa (■. Hi, 

"IDVALPABLK lu iraiterL . . . We can tuUy recommend It."— Sdtfipir^ SoHtt*. 

A Medical and Surgical Help for Shipmasters. iDoludine Fint 

Aid at aea. By Wu, Johnsoii Bhith. K.K.C.ii., Prlnolpil Medical Officer, &anien'a 
Boapltal, Oreenwieh. Tuihk EDITION, Thoroa^hly Builud. Oi, 
" Sound. JDHiaiODS, kiallt HELprtn^"— 7%< Larurt. 
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GRIFFIN'S NAUTICAL SERIES . 

Introductory Volume. Pfict St. 6d. 
THE 

British Mercantile MarineJ* 

By EDWARD BLACKMORE, 

GistiUL Contents.— MtsTORiOAi: : Froin Ewly Tinieg to 1186— Fn«Ten 
under Henry VTII.— To Death of Mary— Bnrino Eliiabeth'» Reign— ifp to 
ths Rcigii of Willum III— Tbe 18th uid IMh Centuries- 1 lUtitDtion o( 
RmninitJoiu — Riae And Frogreu uf Steun Proiioliiuii- DeTelapment <]f 
Free IVuda- Shipping IrfgialrtiiHi, 1862 to 1S7B— " Lockflley H»U'' Cu»- 
Shipmaatera' Soraetiea- LuadiiiR of Shi])* — Shipping Legislatioii, 18M to 1894 — 
Statiatioa uf ShiptiincN Tub PKftBOMNsL: Shipownen— Officen -Mwiners— 
Duties Mid PreHeot PoaitioD. EnoOATlOK : A Seamui'a Eduotion; whkt it 
■honld be— Preaent Meana of Education— Hinla. DlSCTPLlUK 4>I) DdTy— 
Poatooipt — The Serioiu Decrcaae in the Number of Brititb Seamen, a Mattn 
damandmg the Attention of the Nation. 



Fourth Edition, ITwrou^/hly Revised. With AdditUmal 

lUustratioiig. I'rice 6s. 






ELEMENTARY SEAMANSHIP, 

D, WILSON-BARKER, Mabtbb Marinkr! F.R.3.E., F.R.G.S.,Ao.,&o. 

D ColoLtra], and lUuatratlaiu 

Gemeral CoMTENTS.—The Building u( a Ship; Porta of Hull MtuM 
ftft— R«peB, Knot^ Splicing, 4o. — Gear, I-ead and Log. &o. — Bigging, 
Anohora — Sallinakmg — The Soila, &c. — Handling of B^Ata under Sail — 
Signala and SignaUing— Rule of the Road— Keeping and Relieving Watch— 
Pointe of Etiquette— Olosaaiy of Sea Tenm and Pbraaea— Index. 

% .Dwu.T.i. """'^^ !^ ^J^ eioSienilT™'uumBi Niuncu, ^™^', . " 
ie whD kn u becozne Offlcen ol Ui& U&TDbaaL Navy, LI will bt 
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GRIFFIN'S NAUTICAL SERIES. 

Seoond Edition, Heulsed arui JllusCrated. I'rice Sa. 6d. 

NAViaATION: 

By DAVID WILSON-BARKER, R.N.R, F.K.8.E., &o., Ac, 
WILLIAM ALLINOUAM, 



VnttD numeious JUuetcatlone and fiamlnatlon Auestlons. 

QenxbaIi CuNTDtTe,— DefijutionB — Latitade and Longitude— iDBtronanU 
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|x>rl«iH» Id Uid blgbeit prolrlfliiiH of HftTlnlian}^ uid 
ID tbB BoiaDca ol Ni>l(KtIaD ud NuHiml AnroDomj " 



Hand.ome Oltilh, FuU'/ lUuttraled. Priw 7«. (7J, 

MARINE METEOROLOGY, 

FOR OFFICERS OF THE MBRCHAHT NAVY. 
By WILLIAM ALLINGHAM, 



SnWMART OF CONTENTa 

IBTlODDOroBY.— InnrumsnU Uted al Bei (or MslMfologii*! PurpoHi.— UeMORj' 
[Dgiul Log-Booki.— Almoipherlc Fnuure.— Air Tompsntiini.— Sc> Tempenlom.— 
Wlodi.— wtnd tana Scal«.— Blilor]i of ihs Jjm of Blormi.— HuttIcuiiii, Sbuooi, ud 
BU>rm TTuiu._BoluMon of Cbo Crolone Prublam.— Ou)u CiirreDtg.— Iccbwin.— Sni- 
ibtDDoDi Chut«.~I>a«, UiiU, fogi, and Hus.—aoudi.— ftntii. Biiov, Md HmlL— 
Ulnge. Balnbowi, Coronu. H^ot, ud UeMon UgbtDlag, CorpoHnU, u>d Aotoru.^ 

QCIffllOIIB. — APPKNDU.— INIIIX. 
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Practical Mechanics: 

Applied to the Beqnizeiaeiits of ttie Sailor. 
Bt THOS. MACKENZIE, 

an«u. GcNrrma.— Boobtka tmi CmniatiBa id F«nc»— Work do» 
to Mae l iMW imI lif^ A«irt»— TW MtA«»ir»l Fbaws; The I.e*cri 
Dvikki m Best L*t«»— TW WkJ nd Axk: "1m1I«m . fltiiii'i I'aiiifn . 
CM» WiKk— TkUm: the "Old M>b'— TW ImeamtA PbMi Uie t fan w 
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SUvpfay ITarU. 

"Bo Shitb' OmcKu' BOOkcasi will heacefotth be ootuptrte wit}KXit 
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(LetUr to (b« pBblklwn from > Mono lJMin«t 
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THIB." — (Letter to tbe Autiior frooi auotlier Muter MuiDcr). 

WORKS BY RICHARD C. BUCK, 

A Manual of Trigonometry : 

With Diagrams, Examples, and Exercises. Price Ss. ffrf. 

Third Edition, Revised and Corrcoted, 

1 which Trigonometry 
:• Ul obligatory aabject. 

"Thla nnBnm.t piuctii-al »nd uuuli •ulciik.' —ScAimin>a'lrr. 

A Manual of Algebra. 

■ "' " * of Sailort and otiiera. 

Price 3b. 6d. 
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nnuiBUl BaipcHulbillClai-~Tb« MhWi'i Datr tn reqwC ot tha Cum-Hm UartW 
Dnl? Id Cua ol Canudtr— Tha Uialer^ Datr to Mtt^n Pnblla uChorilln— 111 
MmMt'ii TnKj In nUtlon to PUoli, Slgnali, Flisi, ud Light Dnea— Tha Uular'i Dot 
npon AitItsI at the Port of SlHbuga— AMMOdiMi nImI** to «art«ln iMtl UiUan 
Board ol Tnda CacUBoatea, Utetair Scalei, Stowaga of Iftaln Cargoei, Load LIna Kasoli 
Uona, Llta^sTlng AppllaDsat. CaitM(a ol CalLla ac Sat, Ac, Ac— O^loiu ladsc 
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SccoND Editio:<, Revised. With Di&grnma. Price 28, 

Latitude and Longitude: 

How to Find thenri. 

By W. J. M ILLAR, n.E., 



" COHOISKLY UllJ CLKABLT WHITnOt . . . 

M Iboae rtu^ing 'ka.t'i&.tiaa."— Marine Eng'an 

" TomiK Seamen viU End it RANDT and Mat 
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FIRST AID AT SEA. 

Thisd Edition, KeviBsd. With Coloured I'lntea bdJ Numerous Dliutrk- 

tiona, and comprising the latest lieguUtions Respecting tha Carriage 

oi Medital Stores on Board Ship. Price (ia. 

A MEDICAL AND SDRaiCAL HELP 

FOR SHIPMASTERS AND OFFICERS 
IN THE MERCHANT NAVY. 

By WM. JOHNSON SMITH, F.R.O.8., 

Filnclpal Ucdlcal omcar, Seameu'i Uoipttol. OTBenwlch. 
*.- Tbs alMaUoD of aU lotaraiud in our UHdiast Nary li reqtiaiited u Itali eionedtagt; 
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KNOW YOUR OWN SHIP. 

Bt THOMAS WALTOS, SiVAi. ABCHirrcr. 





BY THB 8AMB AUTHOR. 



Steel Ships: Their ConstrnctiOD and Haiotenance. 



iSee pa^e 38.) 



FirrUNTB Edition, ThortmgUg Rrrittd, Grtatig Emlargtd, aiid Itettt 
rKrovyAoHL Large 8ro, CSotJk. pp. i-iiiT+708. With 280 liluHr^ 
tiOK*, rcdueed from Working Drataagf, and 8 PlaUi. 21). net. 

A MANUAL OF 

MARINE ENGINEERING: 

COMPRISING THE DESIGNING, CONSTRUCTION, AND 
WORKING OF MARINE MACHINERY. 

By A.E. SEATON, H.I.C.E., M.I.Heeh.E., H.I.N.A. 

Gedkral Cokte.vts. — Part I.— Principles of Marine Propulaion. 
Pabt II. — Principles of Steam EDeiiecnng. Part III, — ^ Det&Jla of 
Mkrine Ragiaea : DuijiD and CalculatloDB for Cyliodera, Piatong, Valves, 
ErpansioQ Valves, &o. Part IV. - PropeUers. Pakt V.— Boilers. 
Pakt VI.— Mucellaneoai. 

"Tbs Student, Draugbdmaa. and EogiiiMr will find Uiti work Uu moit iiloabLi 
Handbook oI Keferanof uu the Marine Enniae nav in eniitcnoe."— Jfaf or Eaeinmt. 



MURINE ENGINEERING RULES AND TABLES, 

Marine Engineers, Naval Architects, Deslerners, Dranghtsmen, 

Superintendents and Otfiers. 

Bv A E. SEATON, M.I.O.E,, M.I.Mech.E., M.I.N.A., 

H. M. aOUNTHWAITE, M.I.Mech.E., M.I.N.A, 
IBNODN: OHMLEB QRIFFIN d CO.. UMiTED, EXETER STREET, STRAND. 



SNQWBISRlliG AND MEOHANIOS. 



THE CALCULUS FOR ENGINEERS 
AND PHYSICISTS, 

Applied to Technical Problems. 



CLASSIFIED BEFEBENGE LIST OF INTEGBALS. 
By PROF. ROBERT H. SMITH. 



R. F. MUIRHEAD, M.A., B.Sc., 

romarlj Gluit fcUoir of Olugow UaiTCnlli, uut L«lun 

In Oeion Sbc, extrot, uAth Diagrams and Folding- Plait. 8i. Bd. 



MEASUREMENT CONVERSIONS 

(English and French) : 
43 GRAPHIC TABLES OB DIAGRAMS, ON 28 PLATES. 

Showing at a glance the Mc>I(jal CoNTEiufioN of MEAauaKusHre 

in TtirrsussT Units 

Of Lengtlu. Atom, yoltunet, Weights, Streiaei, Denaltlea, Qnuttltlei 

of Work, Sons Powara, TemperatiueB, dto. 

In 4to, Board: 7a. 6d. 
*,* Prof. Smith's CohversioN'Taiiles form the most nrnqne and oom- 

Chensive oollection aver plitoed before the profeBaioD. By their use mnofa 
e and labour will be saved, and the chaacea of error in calooUdon 
dimlniihed. It ia believed that heocefortb no Elngineer'i Office will b« 
oonoidcred complete without them. 



fcKket aize, Leather Limp, with 0111 Edgci ami lloiiuilfd Cornen, printed oQ Special 

Thin Paper, with llliuitiaUon6,pp,i-jli + ti31, PrteH ISs, net. 

(THE NEW •' NYSTROM ") 

THE MECHANICAL ENGINEER'S REFERENCE BOOK 

A Handbook o/ Tahlen, Fonmda and Mtthoda for Eni/inean, 

Sludinls and DraughUmtJi. 
By henry HARRISON SUPLBE, B.Sc, M.E. 
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Smxani EurnoKH la LArgc ifit. SandHne CIdlji. Id*. 

CHEBOSTRY FOR ENGINEERS. 

BEBTBAM B]X)trST. 




wot JltsmAcxpKBsa," bk p. 71- 
U Ban^BDne ClcilL With abnvl 50 IliuslrkUaita. 3s. 6d. wc 

TVE OHIERTS SF OtEHKAL EIGIIIEEtlllG. 

Bv J. GBOSSMASK, iLA., Ph-D.. F.LC 
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Works by WALTER R. BROWNE, M.A., M.Ikst.CE. 



THE STUDENT'S MECHANICS: 
An Introdactloo to ttae Soidy or Fence and Hotloii. 

With DUemu. Cnnrn Sro. Cknk, 41. 6d. 



FOUNDATIONS OF MECHANICS, 

Pspen teprinled btm the Eugimtir, In Cmn Svn. Is. 



Demy 8*0, with Nninerous lUustiatiotis, 95. 

FUEL AND WATER: 

A Mattiml for UBers of Steam and WmUa. 

B¥ faor. FRANZ SCHWACKHOfeR of Vhnka. awo 

WALTER R. BROWTiE. M.A.. CE. 

GnnaAL CuvJUTk — Heu «bi] CAnboAa. — foet, Viihd» id—Tnm^ Acns^ac 
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OHARLBS QRIFFIH i CO.'S PUBLICATIOKB. 

GRIFFIN'S LOCAL COVERHMEHT HAHDB00K8. 



WORKS SUITABLE roe. municipal and c 



; ENOIKBSRS, 



See ilid Davlu' Bygicm. p. DO, ud MacLeoJi Colculaliani, p. tlO. 

Gas Hanufacture (The Chemistry of)- ^ Handbook on the pro- 

ductlua. PurlflcatlOD, anil Tutlng of UJamlnaUnB Ou. ud tb« Aiuj of Bje-Pni- 

ducU. By W. J.A. BnTTKBFULi, a.A., P.L€.,F.C.S. WIUi IllMtr«(i™«. Koubth 

EDITION, EcTlaed. Vol. I., Ii. ed. not. VoL n., in ynpanta'im, [EeepisalT. 

Water Supply : A Praoticikl Treatiee on the Selection of SonrceK and the 

Dlitrlbutlun ol Wat«r. BtKeqibalii E. MiDDLBtON, M.Iait.C.B., If.In.tl.Mech.B., 

K.S.I. With Nnmeroni Pl»l« and Kmrmnu- Crown 8vo. 8i. Od, net. If^eBpageTT. 

Central Electrical Stations : Their Design, OrRaniBation, and MuogB- 

tuvnt. ByC.H. WoE!>iManAii,A.E.C.,]iI.I.C.E. SBOokdEdiTIoh. E4i.net- iSeep.lS. 

Electricity Control. By Lhosakd Asdbhwb, A.M.IiiBt.C.E., M.I.E.B. 

lis. IW, uet, (Scep»ge«. 

Electricity Meters. By Henkv ti. Solomon, A.M.Iiist.E.E. 16a. 

[See viv it- 

Trades' Waste : Its Treatment aad Utilisation, witb Special Kefereoc* 

to the Preventtor "I ttlven' Pollution. Bj W. KArioa, S.t.a., A.M.Intt.C.K. 

With Humrmua PLutEi. DUgrams, and Uluitratloni. -il*. oat. [Sh paga ;e. 

Calcareous Cements : Their Nature, Preparation, and Uaoa. With 

y Gilbert Rkdohavk, ABoclDit.C.B., 

nd AppcndlcM 

IB«!pag8 76. 
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V Practical Treatise for E 



By Tqumj 



Snwneere, 

~dEi| JL Auoc Uanldiial ajid Cnunly Bngn.; 
■.YiseA. Fully Illtutraled. ISeg v^V '^ 

Light Railways at Home and Abroad. Bv William Henry Colk, 

M.lniC.C.E,. late Deputy Manager, MonJi-Weitern fiallway, India. Lar«e Bm. 

Handiome Cloth, Plate* and lllDstratlaiu. ]6l C^ce page 30. 

Practical Sanitation : A Handbook for Sanitary Ingpeota 

interetUd in SanltAtLiMi. By Geo, Beiv. U.U., D.P.H.. Uedlcarofflc:M. atall< 
. With Appendli on Sanitary Law, tn Herbert Uanl^, M.A 
.^ -■— aviaei 8a. [Sae 

1 Drainajce and 

.._, _, .._, I, F.G.a. aBTOND 

EriTioir, Reiited. Fully lUiutrated. - - - 
Dairy Chemistry: A Praoticol Handbook for Dairy Managers, Chemiste, 
and Aualyita. By B. Daoar KiouiioNii. F.I.C., Chemlit to the Ayl»hury Dairy 



r and othere 



D.P.H. TUIKTKE.STH Edition, Tboraughly Bevii 
Sanitary Engineering: A Praotioal Manual of Town Drain 

Sewage and SefUH Dlapuoal. By Francis Wout>, A.M.lDiI,C.B., F.a.3. 



in. Ac. Haniltoioe CI 



Hillt : Its Production and Uses. With Chapten on Dairy Ffbrming, 

The Dlieaan of Cattle, aud on the Hygiene and Ikmlrol o( Suppllci, By EDWARD F. 
IViLLuDaHBT, M.D. (Luud), D.P.B. (Losd. and Camh.), Iiupeotor ot Faimi and 
(lenernl Hclentlflc Adiliei to Weiftird k SoDi, Lid. ta. set. [Bee pace T3. 

Flesh Foods: With Methods for their Chemical, Microaoopical, and 
BactertologlcBl Eiamlnatlnn. A Handhook lor Medical Men, Inipeoloia, AnalyiU, 
and othera. By C. Ainswortb Mitchsli.. B.A., F.LC, Moin. ConncU Boo. ol Publin 
Analyita. With nnmeroni Illiutntloni and a Doloured Plate. lOa. «d. ISeepagei*. 

Foods : Their Compoaition and AnalvBie, By A. Wtntbr Blfts, 
M.R.C.S., P.C.3.. Piihllc Analyit for the County ot Devon, and M. W Bltth, 

u. no.. ,.„... .._,..__ ».,.,__ ™ .. _.... „^ ,__._._ p„^„ BomoN, 

■"ae page JS. 
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OHARLSS QRIFFIN A OO.'S POBUCATIONS. 
ELECTRICAL ENGINEERING. 

Second EurnoN, Revucd. In Large %va. Haadtame Cloth. Frafuuly 
lUuttraUd ivilh {Halei, Diagrams, and Figures. 241. nel. 

CENTRAL ELECTRICAL STATIONS: 

Their Desig?!, Organisation, and management. 

Bv CHAS. H. WORDINGHAM, A.K.C., M.1n6T.C.E.,M.Inst.Mech.E., 

Late Memb. of CuoncIL I1UL.E.E., and ElicliiuJ EugiDcei lo iHe Qly of Mimchuuc 
ILIci^mHl EtiGinccr-in-Q^icrio Ihe Adiairaliy. 
ABRIDGED OONTBNTS. 

Inuoduclorv. — Ctntni] Stuion Worit u a. ProfenioiL—AB an InTaUDeDL— The Euab- 
luhment of » CeninJ Suiion — Sv«enunf Supply.— Site.— Arcluiecture.—Plml.—Bonm — 
Syiuou of Dnughi and Wuu Hm Ecanoiay,— Coal Handling, WcighiDf , and SturiBR - 
llifi I^aiumisbctD of StcaoL — Gcneralon. — CoqdeimDf AppUaDco. — SvntduDe Gear, 
InaniniHiu, and Conneciions.— Diitribming Maim— InjuUiiou, RoiBance, and Coat.— 
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North Borneo. — Egypt — Cypnu. — The Dominion of Canada.— 



Britaio.— British Indisi. — Ceylon.— Barma. — The Malay Peninnala. — British 
" ■" Borneo. — Egypt — Cypnu. — The Dominion of Canada. — British 
—The Gold Coast Colony and AahnntL— Cape of Good Hope.— 



Natal — Orauiie River Cotonv. — TriDBvaaJ Colony. — Rhodesia. 
Commonwealtli ot Aiutralia.— New Zealand, Sio.- Ikdel 

'BhouJd bfl apecliilly ouful to nU IhoH enKuzed Id the direction of mlDing flDtoT- 
ptl»ei."—Fiaaanid Tiintt. 
"Cannot (nil to be useful . . . wc c-nMtliy tecommtoil tbt booH." -Mining World 

In Large Svo. Fophtu Edition, Priee 10». flii. 

Mine Accounts and Mining Bool(-Keepin|. 

For Students, Hana^ers, SecFetarles, and others. 

With examples tahen from Actual Praotlce of Leading Companies, 
Bv JAMES GUNSON LAWN, A.K,S.M.. A.M.Inst.C.E., F.G.S., 

Edited dt Sib C. LE NEVE FOSTER, D.Sc, F.R.S. 



THE MINING ENGINEERS' REPORT BOOK AND DIRECTORS' 

AND SHAREHOLDERS' GUIDE TO MINING REPORTS. By 

Edwis R. Fibld, M.lN8r.M.M. With Notes on the Valuation of 
Mining Property and Tabulating Reports, Useful Tables, &c, and 
provided with detachable blank pages for MS. Notes. Pocket Saa, 
Strongly Bonnil in Leather. 3b. Gd. 

>iiipUed houk wlilcti Uluiug Englaoara and Jfiuagen will Bud 



LONDOH: CHtRLES SRIFFIN 1 CO., LIMITED, EIETEB STREET, STRAIID, 



S8 CHARLES GRIFFIN * OO.'S PUBLICATIONS. 

Sbcoxd Edition, h Croum Svo. Uandnume Cloth. With 30 Ntw 
tUui^tration,. 7». W net. 

ELECTRICAL PRACTICE IN COLLIERIES. 



Unita of Mewmrement, Condnctor*. Ac. — The Theory of the Dynamo. — The 
Dymuno, Detoils of ConrtruclJQn and Working. — Moton. — laghtiiig TnMUllt- 
tioiu in Collieries. — Pumping by Electricity. — Eloctriooa Haulage. — CmJ 
Cuttiiig, — MiBCellaneoUH ApplicaCiona of Electricity in Mines, — Coal Minea 
Regulation Act (Electricity).— Index. 

"A clgur and connlie lntroiliii:tloa to elcctricRl practice tn colUartBa."— JTininf 



FocKTB Edition, Thoro 
throughout. Large 

PRACTICAL COAL-MININGi 

& MANUAL FOR MANAGERS, UNDER MANAaBRS, 

COLLIERY BNaiNEElRS, AND OTHERS. 

With Worked-out Froblfma an Haulage. Pumping, VcMilation, die. 

By GEOHGE L. KERR, M.E., M.Inst.M.E. 



ELEMENT ART COAL-KIHINO : For the Use o! Studenta, Miners, and 
others preparing for Eiaminationi. By (iROrob L. Kkru, M.B., 
M.Inat.M.E., Author of "Practical Coal-Mining." In Crovo 8»o. 
Handrcme Cloth. With 200 Illultrationa. Sa. fid. 



BLASTING : and the Use of Explosives. A Handbook for 

Engineers and others Kougnged iu Minint;, Tunnelling, Quarrying, &o. 
By OacAB Guttmiss, M.Inat.CE., Mem. Soc of Ciril Engs. and 
AJohiceota of Vienna and Uudapeat, Cor. Mem. Imp. Roy. Gaol. Intt. 

of Austria, to, ;jBcoND Edition, Itevised. In Large 8ro, with 
Illustratioaa and Folding- Plates. IDs. 6d. 
"Should prove n vaJr-mnum ta Miaing EDsineerB tnd allcngnacd in pruiicBl vork. 



TESTING EXPLOSIVES. By 0. E. Bicuel and A.xbl Larsbh. 

CoNTBNTa.—Hiatorical— Tea ting Stations— Power GaujteB—Froductai 
of Combuation — Heat of Decomposition— Rate of Detonation- Rate 
and Duration of FUme — After Flame ftnteB— Trnnamisaion of Explo- 
sion— Efficiency, *o. In Medium Svo. Fully Illualrated. Ba, neL 



SNAFT SINKING IN DIFFICULT CASES. By J. Ri!imkb. 

Tranalated from the German l.y J, VV, KROircm, A.M.Iust.C E. 
With IS Figures in the Text, and 19 Plates. Large 8to. At Pbkss. 

LONDON: CHARLES GRIFFIN i CO.. IIMITED. EXETER STREET. STRAHB. 



MIHINQ AND METALLURQT. 59 

/n Mtdmm Sif). With Nvmermm Pinlea, ifapn, and lUa/itTaliuiu. 

CYANIDING GOLD & SILVER ORES. 

A Practical Treatise on the Cyanide Process ; its Application, 

Methods of Working, Design and Construction of 

Plant, and Costs. 

Br H. FOR.BES JULIAN, 

\sD EDGAR SMART, A.M.I.O.E'.r 



huidAomfl voliuue of tW nwcs 

■ wilh the procejs."— aininfl Journal. 
"'tnfl anthort vfl to l)« con^ratnlftled apoo the produc 
k itaDilud work." — Fage't MajfOtint. 



whicb will be B valuBble book of retenuce l« lU 
irlut iliould prore to be 



THE CYANIDE PROCESS OF GOLD EXTRACTION. 

A Teirt-Book for the Use of MelaJlurgisla and Students at 

Schools of Mines, <to. 

Bt JAMES PARK, F.G.S., M.Ikst.M.M., 

Snneror aod i 
Kb* Zfliland. 

Fourth Etiulish EpmoN. Thoroaghly Rerised and Grentlj Enlscged. 
With additional details eoaaeraiag the SiemeDS-Hslake and other 
recent processea. 

TniRD EciTlos. Revised. WUh Plalet ami lUuitralioru. Cloth. 3«. 6d. 

GETTING GOLD! 

A aOLD-HININO HANDBOOK FOR PRACTICALr MEN. 

By J. 0. F. JOHNSON, F.G.8.. A.I.M.E., 

Life Hember Auocniloaliia lltus-MtniigBn' AihocIiHoii. 
General CoHTENTs.— Introdnctory: Frospecting (AlluviaJ uid General)— 
Lode or Keet Prospectiui^— GeQUBiology o£ Giild— AnriferouB Lodea— Drift*— 
Gold Kxtraotion — Liiiviiition — CaJdn»tion — Motor Power and ita TranamiBsion 
—Company FormiitinD — Mining Appliances aod Metboda — AuBtralsBiftn 
Mining Ri^nilaCiona. 
" FIuaTKTAL Iram bef^nnlng to enil ._ . . dealt thoron^l)' nllh tlie Frofpectlag, 



g, Cnublng, a 



f. Avtrratariai 



V Cloth Boards. 



GOLD SEEKING IN SOUTH AFRICA: 

A Handbook of Hints for Intending: Explorers, Prospectorfi- 

and Settlers, 

By THEO KASSNER, 

Mlno Muniiflur. AnUioi u( llm ««il.^nil HkMrli «»|> or Ibo Do Ruli OnW FlBua. 

With a Chapter on the Agricultural Prospects of South Afrioa. 



iOMDON : CHARLES fiRIFFIN « CO., LIMITED. EXETER 8TREET, STRAND 



to OEARLBS GRIFFIN J, CO.'S PUBLICATIONS. 

Large Svo. Handsome Cloth. With IllustratioDB. 
126. till. Del. 

METALLURGICAL ANALYSIS & ASSAYING: 

A THREE YEARS' COURSE 

FOR STUDENTS OF SCHOOLS OF MINES. 

B* W. A. MACLEOD. B.A., B.Sc., A.O.S.M, (N.Z.), 

And CHAS. WALKEK. F.C.S., 

Past L — Qaalitative Analy^U and Preparation and Properties ofGaaea, 
Past 11,— Qualitative and Quantitative Analysis. Pakt Ill.—Auayiog, 
Technical AaalyBia (Gaa, Waier, FueU, Oils, &o. ). 

"The publlcBtloD of tlil> foIuidb leiidi Vi proie tlist Uie teaching ol metallnr^cBl 
uuljnll ud laujlng in Auitrilli nitt lu conipeUut hnndt."— AiUim, 



MICROSCOPIC ANALYSIS OF METALS. 

By FL0KI9 09M0>fD & J. E. STEAD, F,R.a, F.LC. 

Contents. — Metallography coDBidered as a method of Aieay.^Micro- 
graiihic Analysie of Carbon Steels.— PreparatioD of Specinieo*. — PoUahing. 
— Conatitnents of Steel; Feirite; Cenientita; Pearlite; Sorbite; Martenaite: 
Hardenite ; Trooatite ; AnstenitB. — Identitication of t'-onatitq en ta.— Detailed 

Examination of Carbon SteoU, — Conduaiona, Theoretical and Practical 

Apparatus employed.— AFFEsnix. 

" Then bu bnn no work prevtouily i>iit>ll>Iir<l In Engllih calculiled to be u UMtOl to 



]V[£:'rAJL.iL.xjRGiir. 

k PRACTICAL TREATISE ON THE ART OF EXTRACTING METALS 

FROM THEIR ORES. 

Bv J. AETHTJR PHILLIPS, M.Inbt.O.E., r.C.S., F.O.S., &o. 

And H. BAUERMAN, V.P.G.S. 

QenIHaL CoiiTKNTB. — Refractory MateriaU. — Fire-Clays. — Fuels, ka, — 
Aluminium. — Copper. — Tin. — Antimony. — Areonio. — Zinc. ^Mercury, — 
Biamutb. -Lead.— Iron.— Cobalt. -Nickel — Silver.-Gold.- PlatinmL. 

"Of the Thibd EdiTIdM, we are etUl able to say thnt, as a Teit-book of 
MatallurRy. it in TUI bekt with which we ar« acouaiuted."— £ritiin«T. 

" A work which IB aqnallv valnable to the Student as a Teit-bnnk. and to the 
practioal Smelter aa a Standard Work of lleferenoe. , . . The liliutrationa 
are admirable eiamplea of Wood Engraving." — Chemical Sraa. 

LONDON: CHARLES OHIFFIN i CO., LIMITED, EXETEN STREET, 8TR«Nlk 



UETALLURQICAL WORKS. 



IN TWO voiL-unsEs. 

A TREATISE ON 

:petE;OXjEtj3^^. 



rj.^Smirmg IL: 



Admlrkl^ and Hniria onw: Oomnltidc AdrUer to tbB UfrpomUn nr Loii-tnc ni 
Ibv PelTDisam AeU: A<ITifCTaaPelroJ«imTniupoTt to (b« Thuabt CoDAHTUta; 

OONtunK— SK>no> I.: matarlokl Aixaiuit of tba FeUolaom Indoi 

OeoloolMl Mat accKriiJhloiJ tHMribaUon at psUnlsiuii and NMiit«1 O 

The dhnniial and Fl^ilisl PronrtlH of Petraleum and Halnnl Qa*. -BwinoN IT.: 
Tha OrlgiD ol PatroJemn and naMnl Gaa.— anmon v.; Tba ProdtutloD of PatteiaaB^ 
Natoral Ou, uid Ovikarlte.— SwmoH TI,; Ths Keflnliis of petnlaum — Swnoa m.: 
The »iale Oil and Alllad lodiutriea.— SMnoH Tin : The Tranoport, StoragB, and DU- 
trtbuHoBotPBtroleum.— SBTHOmU.: TheTaitingof Crod* Potroltmm. Prtroloum and 
Bhalo Oil ProdnoU, Owlurlto, aod Aiphiit — SBCnon X. : Tha Uui nf PeLmUiim nnd 

IWProdqcta.— Skotion XI. : ''— ...—.—. —j ....__ r 

Ibe Tasting. Stonce, Truupi 

— BlBLIOOIUPIl T.— IM D Ut . 



SkcOnd Edttios, Jteeiwd. Witk llluntralioni. Pric: 8.. W. <Kl. 

A HANDBOOK ON PETROLEUM. 

FOR mSPECiORS UHOER THE PETROLEUM AOTS, 

And for those engaged In the StarnRe. Transport. Distribution, and Industrial 
Use or Petroleum and Its Products, and Of Calcium Carbide. With 



suggestion 




In Crown 8to. Fully Illnstrated. 2s. 6d. net. 

THE LABORATORY BOOK OF MINERAL OIL TESTING. 



ni Vapour.— Capiliiry Teat.— Melting Point ol ParaillD 
itlmatloii ot aulphnr, of Water.— CuloriOa Valne.— 



OILFUEU Bt SIDNEY H. NORTH. [8te page 2 



THE PBTROLBUM UIMP: Its Choice and Use. A Guide 

to the Safe Employmeul of the Paraffin Lamp. By Capt. J. H. 
Thohsun and Sir Bovihton Redwood. lUaatraCed. I a. net. 



LONDON: CHARLES QHIFFIH A CO., LIMITED, EXETER STREET. STRAND 



6» CHARLES ORIFFIN * OO.'S POBLIOATIONa. 

(iriffin's pttlallirrgttal Smes. 
STANDARD WORKS OF REFERENCE 

FOR 

MatalliirglsU, Mine-Owners, Assayers, Manofaetiirem. 

and all interested in the development of 

the Matallurgieal Industries. 

EDITED BT 

Sir W. ROBERTS-AUSTEN, K.C.B., D.C.L, F.R.S. 

In Largt $w, Handwrnt Cloth. IVitk lUustruttomt, 



IHTBODUOTION to the STUDY of METALIiUBaT 

By the Editor. Fifth Edition. i8s. (See p. 63.) 

GK>LD (The Metallurgy of). By Thos. Kirks Rosk, 

D.Sc., Alloc. R.S.M., F.C.S., Chemist and Assayer of the Royal 
Mint. Fifth Edition. 21s. (Seep. 63.) 

LBAD AND 8ILVEB (The Metallurgy of). By H. F. 

COLUNS, AiHoc. K.S.M., M.InstM.M. Part I., Lead, i6s; Part 
II., Silver, 161. (Sec p. 64.) 

IB ON (The Metallurgy of). By T. Turner, A.R.S.M., 
F.I.C., F.C.S. Third Edition, Revised. i6s. (See p. 65.) 

STEEL (The MetaUurgy of). By F. W. Harbord, 

Alloc. R.S.M., F.I.C., with a Section on Mechanical Treatment by 
J. \V. Hall, A.M.Inst.C.E. Second Edition. 25s. net. (See 
p. 65.) 

IVili bt Publishtd at Short JntervaU, 

MBTALLTJBGIOAL MACHINERY : the AppUcation of 
Engineering to Metallurgical Problems. By Henry CHARLBsjBNKiifS, 
Wh.Sc., Assoc. R.S.M., Assoc. M. Inst. C.E., of the Royal College <^ 
Science. (See p. 64). 

COPPER (The Metallurgy of). By Thos. C. Cloud, Assoc 

K.S.M. 

ALLOYS. By Edward T. Law, Assoc. R.S.M. 

•^* Other Volumes in Preparation. 



LONDON : CHARLES GRIFFIN ft CO.. LIMITED, EXETER STREET. STRAND. 



MBTALLUEOWAL WQBK8. 63 

QBIFFIir'B METAIXTTBGICAXi 8EHIES. 

FllTB Edittos, ihoronghly Revised and considerably Enlarged. Laige 

Siro, with numerous lUustiations and Mi era- Photographic 

Plales of different varieties of Steel. iSs. 

Ad Introdaction to the Study of 



Sir W. ROBERTS- AUSTEN, K.C.B., D.C.L., F.R.S., A.R.S.M., 

,_ d ProfeMor o( Melallurgy 

ID me Royal ColleEe of Sdeace. 
Cbn»al CONTIHTS.-Tbe RelnIlDD of Melallul 
of Mtiali.— Alloyi. The Thtmal TiMi 
— Maletiali and Products of MelaUuiEic 

la Furaacn.— Thermo- ChcdiLMi)' "fn 

orMeial&and Alloys. — Econmiiic Con&M 

' No English text'book at all approacbes (his In the (^omplrthnkss with 



irey to ChcDitflty. — Phyuca] Properti« 
■It.— Fuelnnd Themid WaauiantaU. 

rsicai FroUKEE.— The Micro-Structun 



wblch Ibe 
voliune will be 
knowledge of ti 



the subject are dealt wilh. Professor Austen's 
I only to the student, but also lo Ibose wbos« 
far advanced." — CktmUal JVtwi, 



FirTH Edition, Revised, Considentbly Enlarged, and in pan Re-writtea. 
With Frontispiece and nutnoi^tiB Illustrations. 2U. 

THE METALLURGY OF GOLD. 



T. KIKKE KOSE, D.ScLond.. Assoc.R.S.M., 

Chcmut anil Aaatier 0/ tht Bot/ai Hint, 
OnxRAl, CONTiniB.— The Proiierllee of (lold and lU Alloji.'-CbeBilitrr ol Ihs 
Compoundi of (told.— Uode of Occnti^Mce sod Dlilrihutloo ot Ooid.— Bhillow Plauer 
Depoilti— Deep Plawp DepotlU.— Quarts Cnjihlug in the Slunp B»tt*ry.— Amalgam- 
ation in the SUmp Battery.— Other Pomu of Cmihfng and AmaJguDatinE UBchiii«rr. 
— Concentmtlon fn Gold Mlllt.— Oni Cnuhtng.— Ee-erlodlng,— Roantins.— Chlortnatlon: 
The Plattnsr Procoi, The Barraf Pn>««, The Tat-§olul.lon Pruceu.— The Cyanide 



.e Gold Mining Indui 
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OBARLBS ORIFFIX A CO.'S PJJBhIOATIOSS. 

aBIFFIIT'S METAIiliUBaiCAl. SERIES. 

BoiTSD BT SIR W. ROBERTS-AUSTEN, K.C.R, F,R.S., D.C.U 

/n Lisr^ Bvo. Handnomt Cloth. WUh lUtiMrationt. 

In Two Volumes, Each Complete in lt«etf and Sold Sepkrataly, 

THE METALLURGY OF LEAD AND SILVER. 

Br H. F. COLLINS, Assoc.R.S.M., M.Inst.M.M. 

Pa,z>t I.— 1L.E: AI>: 

A Complete and Exhaustive Treutise on the Manufacture of Lead, 
with Sections on Smelting and DeailvorlBatioB, *nd Cbapters on the 
Assay and Analysis of the Materiab involved. Price 16s. 

,^OlHlABr Of CoiiTBtiTs.— aunplliw una Aiwjlng Leiil and SUrer,— PropaniM uid 
Corapoanib or Lead.— Lud Orel.— Lead SinelCLDE.— KaverlMralorlat.— Lend SinelUug In 
asutlii.— Ths Kouting of Lad Oru.— Blul ^uranoe Smoltlng: Princlplm, Pncllos, 
and Eimnplec Pnxlncti.— Flue Duiit, iu Cam position. Oolleotloa and I'nsitinent.— 
CubU ind Lau«, Purchue of Om.— TrealmeDtiir Zluo, Lead Solphldei, DeiUrsrlHtloa, 
SottonlDg Bnl Rofloing.— Tho Pattlnion Procau,— Ths Farka ProoeH.— Capcllatlan and 
Kaflning, Ac. &c. 

ID and DHful digest. Uay vlUi ITRKV ooVFipniin b* 

■MininB Jeftmal. 



Pai-t II.— SII^VER. 

CompriHing Details regarding the Sonrces and Treatment of SUvsr 
Ores, together with Deaoriptions of Plant, Maohinory, and Processes of 
Maoufaotare, Refining of Bullion, Coat of Working, to. Price Itis. 

SOMMABT or OoNTINia,— Properties at Silver and IU Prtnolpsl Compoundt,— Stlvm 



Smeltlag.— Uaite Smaltlng in KeTBrberaloriiu. Silver-Copper SmelUiig u 



le practical eiperlsao*, 



METALLDRGICAl' MACHINERY: 

The Applloatlon of Engineering to Metallurgloal Problama. 

By henry CHARLES JENKINS, 

Wh.Sc.. JssocE.S M.. Ai>oc.M.I»al.a.E. 
LGHDON: CHARLES GRIFFIN A CO., UNITED, EXETER STREET, STRAND. 



MSTALLUROIOAL WOREa. 



QBIPFIN'S UETALLUBOICAL SEBIES. 



With Additional Chapter on Ue Electric Smelting of Steel. 

THE METALLURGY OF STEEL, 

Bv F. W. HARBORD, AssocRS.M., F.LC, 

Ooneuiting Melallurgitt and Analj/lictU CliemUl to llie Indian OavcmmtMl, 

Royal Ituiian Snginttring CoUege, Ooopert Hill. 

With 37 Platea, 280 IlluitrntiDiu in the Teit, and Dearlj' [100 Mioro- 

SecCioDK of Steel, and a Section on 

TBB MBCaASlCAL TRBATMBST OF STEEL. 

Br J, W. HALL, A.M.Ikst.C.E, 

AUUMKD CoSTKiii— The Pl«nt, MMhioorj, Vtalfaoda BDd Ohsmiitrr ot lbs Bsmmar 
4adofUsOMn HDLi-tliPraiuiHw»(Ai!i<i>Tid Sulci.— Tba ll«iudi«l TnutmaDi of SWal 
aomprUlDg IIUI PnoUoa, Fluii uid MKhlDary.-TUB InBosnoB of MsuUolds. Um 
TrMtnMnt, SpMHl SimLi, UJorounuitiira.TinUDB, ud SpMlOuElaiw. 

"AmrkwUehwe Tenton to inmmnid u mo tiiTiliublg iwiniigDdliuii ot lutOrmulDS u)hb 
IbtnataUdTiroriUal''— /nHiflwK^l TYwlBf' A»iM, 

ra« »vlliitrmtm, aaHammiuii<malM.nir]cn at tCli book ;— "Wn «bud( niDclBdo wllhont 
amntlF Twninimandlntill skoinaT balntirtauidu mikcnoraKn of ilAoF. ohtch pnctlull]' 



TaiBD EsiTioN, Eevued. SKOitTLif. 

THE METALLURGY OF IRON. 

Bt THOMAS TUENER, Assoc.K.S.M, F.I.C, 

ProffMor of Mtfallurgy in the Uniieriilp of Birmingluim. 

Ik LiROE Svo, H&HuaoHB Cloth, With Nirtu&oua Illustkationb 

-Ttas'Blul'raniHa.-Th^ A"r o^ In llui 
»,— Ttu PdsI nisd 



il IroiL-CoiToilonorlroDnii] SiMJ. 
" A KOHT TALDABLB simiiiitT of knowt«lgfl nUting Co «m7 roWhod ind itajte 
in tha miDofkctDr* of cut And wmnfEht iron . . . rich in chemiuJ detaila. . . . 

ajid 8Uil Anociatioii. 

" Thia ia a druohtpvl book, giTinn, u it doaa, nll*b!a mforraation aa m BQbJeot 
Mcoming eTcTT daj more t\i,bor).'Ui."—Coiiiery Ouaniian, 

" A TKOROITOH1.T UBUFUL DixiK, which brin(!» tb* anhjacl or TO DATS. Or 
OSKIT VALtTE to thoM •agagei) in tha iron indaatrT." — Uining Journal. 

*.' For ProfesBOr Turner** Ltelura on Iron-Fonndine, see pajcB 68- 

UHDON: CNIRLES SRIFFJH t CO., UUITED, aETER SmET, 8TIUIUI 



CBARLKB QRIFFIS * CO.S FUBLWATIOSB. 

A TEXT- BOOK OF ASSAYING: 

fw the KM of Students, Mine Managere, Aaaayen, de. 
Bv J. J. BERINGER, F.I.C.. F.C.S.. 

And C. BERINGER, F.C.S., 

E^U CUcf Auaym to ihe Rio Tioto OrSIV" CoD1piii|l, Lcndco, 

ATitli nuneroiu Tabta uid Illostratioiu. Crovn Svo. Cloih, los. tA, 
Tenth Edition. 
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- Tlnnirinr BtrMTmri rttnimlin. Bquacisiii, &c.— tpa 

uy ti Silm, Cold, Plilinum, Mercunr, C 
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FouSTH Edition, Anrtsui. Bandtomt Cloth. With Nvmertme 

lUastTotiont. G». 

A. TEXT-BOOK OF 

ELEMEWTARY METALLURGY. 

Including the Author's Practical Laboratory Cocrsb. 
Bt a. HUMBOLDT SEXTON, F.LC, F.O.8.. 

Profenor of MetsllnrK^ in the Olugaw ud Wcel ol Sootlaod TMhucAl CoUef^ 

SEMKBALCONTEHTS.— lntroduotioa.— Prop«rti«aarthaH«Ula.— OombiutkiD. 

— Fnali, —Refractor]' Matiiinlg. — FarniiDea.— OconrnDca of the MMaJs in Nstnn.— 

Prvpuktion ol the Ore for tbe Smeller. — MediUnrgiul ProcMMt Iron. — StecL — 



Cdppe 



iciTr to MeUdlarKJ.— Labi) 
" Jnu tbe Icind of nark for StD< 
isT, or for EHOiBBERiHa Stodeuta." — Practical Ertgint: 



I ititdT of Uatkl- 



—C/icmieal TVchIc Jovntal. 



In Large 8vo. Hftndeome CTIotb. Price im. 

QUANTITATIVE METALLURGICAL ASALYSIS. 

FOR LABORATORY USE. 

0* THE PfllNCIPLE OF ■■GROUP" SEPARATIONS. 

By J. JAMES MORGAN, F.O.S., M.S.C.I. 
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jfi CHARLES GRIFFIN i CO.'S PUBLICATIONS. 

StcoHD Edition, Rkviskd akd Eki^kckd. 

With TftbiM, lUaMralioni in the Tort, and 37 Lilhographic Plitd. Medioai 

8to. Hsndsom*: Clolh, 305. 

SEWAGE DISPOSAL WORKS: 

A Oolde to the ConstraGtlon of Works for the Preventtoo of th» 

Pollution by Sewage of Rivers and Estuaries. 

By W. SANTO CRIMP, M.Inst.C.E., F.G.S., 

tjlc AiAutanl- Engineer. LoodoD CoudIt CoudciL 
"Pfobftbl^ lh« MOST CQBipLiTi AKD msTTmATisTDB Ihc lubfcct which hu appeaAd 
In our luitutgc.-~£dittiiriA MidltaJ/iHnvil. 

I Plalat, DiagrnTtu, tout 

TRADES' WASTE: 

ITS TREATMENT AND UTILISATION. 

A Hkllilbook Tor Borough Engineers. Surveyors, Architects, and Analysis. 

By W. NAYLOR, F.O.S., A.M.lNST.C.E., 

Ghlit lajtHcUr or Ktii^n. Babble JnlDt Canmlttct. 
OOMTINTI.— I. iDtrodaolJon.— II, (^hemlcil En^nHrtug.— III.— Wool Dt-antMtOM 
'GimM^wnrr.— JV. T«xtIlelDduirtri^i:CiUicoBleichlneu 



ud ORjloo-PiiPdag.— VI. Tinning 

WMH1.-VIII. Piper ur 

"Thi>» in proln.l)l7 ai 
nth 1 ■ubjcnl 



ir UUl Ralu 



IX. ( 



J DliUllen' 



in HaDdeome Cloth. With 59 IlloitvatioDS. (is. net. 

SMOKE ABATEMENT. 

A Maniinl for the Use of Manufacturers, Inspectors, Medical Officers of 

Health, engineers, and Others. 

Uy WILLIAM NICHOLSON, 

Chlel dmake Inspoctor to Uie Bhsmeld CorparBtion. 

CoKTRXni.— lnt4ti(tuiiUon, — Ocnentl LagiilstioD Beslnit the Smoke Nabuiob. — 

LoMl L*iiUottnii.~Forelin L«wa.— Smoke Aumement — Smoke rrom Bidlen, FttmoM, 

ud Xlln*. — PrItiiU DweUliu-Huiue Smoke.— Cblmneyi uid their CotutrBStloD^— 

Bmoka rwrraWr* and run) lann. — Wute Omoi Irom UetaUurglcil Farmtcaa^ — 

n idequite itatement ud an Iniportut dibject."— SrMtft 



Skconi) Edition. In Medium Svj. Thoiooghly Revised and R«-Wrinsn, 

CALCAREOUS CEMENTS: 

THEIB NATURE. PREPARATION, AND USES. 

with BOms K(*m»pkB uitan Canent VsvCtn^. 

By gilbert R. REDGRAVE. Assoc Inst. CE., 

A»i«Ej«nT SfcmarT fvir Techxc^kif^', Boanl oi Kditcstn.^. South Kemington. 

AXD CHARLES SPACKM.\N. F.C.S. 



VKighly IT 
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aBBMISTRY AND TSORSOLOQi. 



Bt REQtNALD E. MIDDLETON. M.Inht.C.E., MIiJMT,MajR.E., F.9.I. 

ABamasD CONTENn.— tniroiIucUiiT,— Ksiiulrcmenti u la Quillty.— KeiialniaanU 

u to Quuititf.— Slonge Kuenoln.— PmiBaiCloa.— Sarrlse OeKrvDlnL—The Y\aw 

of W»Mr thtongh Pipai. - DlitrtliuUng ayiUnn. — Pumping llKhtneL — Special 

■ntlcipate ic •till take in ImporUnt poaltiim on Cbs bookahelC."- 

In Large Crown 8vo. Fully lUuetrated. In Two Volumes. 

Volume I. Fourth Edition. Price 7s. GQ. net. 

(< II. Third Edition. Ready Shortly. 

THE CHEMISTRY OF 

GAS MANUF1LCXXJR£: : 

A Hand-Book on the Production. Purification, and Testing of Illuminating 

Gaa, and the Assay of the Bye-Products of Gas Manufacture. 
By W. J. ATKINSON BUTTERFIELD, M.A., F.I.O., F.O.8., 

Fomia); Hud ChcmliL, <lu Wnrki. Bncktos, Lgodon. E. 
"The BEST WOHK of ita kind which we have ever had the pleaanre of re- 
Tiewing." — JoiLTnal of Gas Liiiktinu. 

With Diagrams aai IlluBtratioDi. Sh. net. 

acejtyx^ene:: 

THB PRINCIPLES OF ITS QBNERATION AND USE. 
By F. H. LEEDS, F.I.O., F.C.8., 

Member of the Suclel/ ul Public AiiilyiU Bud o[ the Autfleue Auodallon; 
And W. J. ATKINSON BUTTERFIELD, M.A., F.LC, F.aS., 
CoiuulHogChBmlil.iulhofofTheChen " 



Id ffuldo." — Aatylpie- 



Large Svo. Haadsoma Cloth. Price I6a, net. 

FIRE AND EXPLOSION RISKS: 

By Dr. VON SCHWAfiTZ. 

Traiulated from the Iteviaed German Edition 

Bt C. T. C. SALTER. 

Abbudosd Oeherii, CodtEitts,— Firu and BiplaaloDi of ■ Oeneial Churacter — 

Sanaen arliiug f rom Snorcei of Ught and a«ii1 biingeroiu Oasea.— lUiki Attendlnc 

I toecial Indnitnea. ~ Uateilali Employed, ~ Agrlcultnnl Prodnoti. — F(M, Olti, and 
Kvins.— Mineral Olli and Tnr.— Alcobul, Ac— Mstalt, OiJdei. Acid). ^.— Li^toing 
; Ignition Appliance*, Ft»worlu. 

"Tbe wutk aSorda a Health oF iulDrmatlon on the chemlitry of ftie anil fclndrsd 
Imlo*."— Pir« Olid Wittrf. 

Oa and Colotirman'M Journal. 

LONDON: CHARLES GRIFFIN & CO.. LIMITED. EXETER STREET, STRAND. 



T8 OBARLEB QRIFFIN * OO.'B PUBUOATIONS. 

TiJiRTEP.NTH Edition, Revised m\A Enlaiged. Price 6*. 

PRACTICAL SANITATION: 

-* HAND-BOOK FOB SANITARY INSPECTORS AND OTHERS 

INTERESTED IN SANITATION. 

By GEORGE REID, M.D.. D.P.H., 

F^lum,. M,m. Cimmil. and K.^mm,r. SaHiUn Imtil-li tfGrtat BriUtt, 
and M-dizal O/Hcn Ic Ikt SUfftrdilart Ctmtif CoimdL 

Mttb an spDeiiMi on Sanltare law. 
By HERBERT MAN LEY, M.A., M.B^ D.P.H^ 

MmlualOfflatBfHiaJlk/^iluCHBayBtnn^ckt/a'HfBrmmwiik. 

CENmAL CaNTEnrs.-Imroduclbn.-Wjicr Supply: Dnnldni Wuer, Pollution ol 
Waiw. — Vcpiilation and Wanning^ — Principlfa of Sewagfi RemovaL— Detailt of Dtaiuafv ; 
RefuK RemDva] aad DispoiaL.-^SaaiEajy and Insanitary Work and Appliances. — DelaUaoT 
Plumbcn' Wotk.— Houk Cousmclion.— InreccioD and Dinnrcclion.— FwkI, Inipection of: 
at: McmE, UiU^ Tuh, &c, udBi for Human Food.-AppcndU: 



Sanitary Lav : 



c Cloih. Willi 53 nil 



LESSONS ON SANITATION. 



CoHTBHTS.— Water 
iDrectious DiicaiaL— 

M VDrUnE-Uiuci 



Ad.— Shop Houi 
r HnrKil^h, Ac, 



i nf Fond 
garine Ani.—Sale of HnrKflesh, Ac, Riven Poll ulion.— Canal RoaB 
Aninuli.— Dairici, Covihedt ;iml Milluhapt Order,— Model Sye-La< 



Drainage.— Saiuiary ISuUdiBg CoBilrtieiion,— 

■__ -t — ¥ — ^^_-__ -r V..-. _ _mj ComnuHi 

— .r -Hoiutnff ol 

Dnigi ACB.— The Mar- 



•.."^SimUAry Rtcerd. 



SANITARY ENGINEERING: 



By FRANCIS WOOD, A.M.Inst.C.E., F.G.S., 

OOHXRAL CONTENTS. 

latrodnction. — Hydnitilici.— Velocily of Water in Pipei.— fclarth Frefisiu^a and Retaining 

Walla.— PsiKT«.—HoiuE Drainage. - Land Drainage.— Sewen SeparaleSysieni.— Sewaga 

PaiqiBg-~Sewer VentifailioD.— Diainaia Areaa.— Sewen, Manbolci, &c— Tiade Rdiua.— 

" a DtBpMl Woilci. — Bacterial t -~ ' "" ■ ~ 

tag o(Se««i.-IU' — 



It- — Sludge Disposal. — ConArudioc 
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OBKMISTRTAND TECHNOLOOY. 79 

VOL. I. Now Ready. In Half Morocco, 24s. net. 

/« Jwo l'../,iw'i, tai-A complete in iliel/. 

PHYSICO-CHEMICAL TABLES 

FOR THE USE OF ANALYSTS, PHYSICISTS, CHEMICAL 
MANUFACTUBEKS AND SCIENTIFIC CHEMISTS. 

Volume I. — Chemical Engineering, PbyeicaJ Chemistry. 
Volume II.— Chemical Physics, Pure and Analytical Chemistry. 
By JOHN CAST ELI-EVANS, F.I.C, F.C.S., 

SuptiinUndcnl of IhE Chrmii^ LnbomloHEi, uid Lcctuier en loorgaiuc Chenutlrr uxl 
Mnnllurgy m Ihe Flnibnry Teshnial ColL^i:. 

bnn to be uhauuive, and tmbniy and collate all Ehe mOM 



The Work coffiprehends at far u pouible all rulb ahei tabub required by Ihi 
Analyti, Brewer, DistilJet. Arid- ud Al)ia)i-MiuiubctuRT. Ac. Ac : ud >I» ihc pria. 
cipal dau in TlISRuo-CHiuKiTRr, ELiiCTRO-CiiiHitTtv, ud Ibe variooi bcucbei oT 
CmurcAL pHVAtcs. £very pauilitc care haa been taken ca ensure perfect accuracy, and 



SECosti Edition. /n Li»r;;f 8«o. Handsome Oloth. Btantifitlly 
illustnucd. With Platta and Figures in Ike Ttxl. 

Road Making and Maintenance: 



With *n Historical Skktch nr Ancient ani> Modehn PaAcncB. 
By THOS. AITKEN, Assoc. M. Inst, O.E., 

Member ot me AigocliHoD ot ManlAltAl and CouatT Bnelaeeri! Member of Ibe Sanlurr 
Ion. : Surreror ut tUe Oauntf OouaoU ot m. Oupar Dl.i.isn. 

WITH NUMEROUS PLATES. DIABRAHS. AND IU.USTRATIOHS. 

CoNTKHTS. — HiBtorieai SkeWh. — ReaiBtaneH of Traction. — ^Layin? ont 
New Eoada. — Earthwork!, Druoage, and Retaiaing Walla. — Road 
MalerUti, or MetAt. —Quarry in g.^Stoae Breaking and HanlaEe.— Road- 
Rolling and Scartfying, —The CoastmctioD of New, and the KtUkintauanoe 
of eriating Roads.— Carriage Waya and Foot Wayi. 

"T)MLIIeiatTnrleliiici[.i,»T, . . . A cnMPUHiniiTiaDd BicttLarr Hnteni Book.iD 
BnKtaser er Sucnrn In the Uaitnt Klntdum. and of eieir Oolooliil SapBoa-'-Tlit Survrtvr. 

IDKDOK: CHULE8 SRIFFIH 1 CO., LIMITED, EXETER STREET, ITRtlia 



So OBARhSS ORIFFIN A CO.'S PUBLWATIOyB. 

Fourth Edition, Revised xod Enlarged. With IDuBlritioiis. 12s. 6d. 

Painters' 
Colours, Oils, & Varnishes: 

A PRACTIOAI. UAZniAXk 

Bv GEORGE H. HURST, F.C.S., 

MEOlberoflhEScHiicty ofChFmical Induilrv ; Lenurer Dn Ihl Technoloer oT PlUBIai' 

Coloun, Oili, ud Vuniihu, Ihc Municip^ Tcihcical School, Mulcliaier. 

Gekkral Contents.— Iniroduciorr— The Composition. MANUrAcruRC, 

AssAV, and Analysis of Pigments. While, Red, VFllaw and Omnge, Green, 

Blue. Brown, and Black— Lakes — Colour and Paint Macbineiy- Paint Vehidet 

(Oils. Turpentine, &c.. Ac. )—Dtiera— Varnishes. 

" A TMoaaucHLv fiactical book, ... the ohlv Englith ooric ihu miUjctorilT 
truti of the maniifiiclurB of lalj, CQlouu, and (Mgmcnts."— CAnwiW Traps' Jrurtutl. 
',' For Mr. Hurst's Garment Dyeing and Cleaning, see p. 84. 
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THE PAINTER'S LABORATORY GUIDE. 

A Student's Handbook or Paints. Colours, and Varnishes. 
By GEORGE H. HURST, F.C.S., M.S.C.I. 

Preporacioa af Figment Caloun. — Chetnical Pnaaxdei 



L oIOili juid Vaioiihei.— Ten. and 



IdvolTcd. — Oilfcoad VATnuheh. — PmpcrUeK oIC .^-^ — - 

— Pluti, Metkodi, and MichLnery oTthe Paini and Vuniih Maoufaclun 

TliaHfirk/uubetniitiipudtyCluAKllurUrUiiLatcriitfya/tJuTK. 

tflii PmiHl aiul Ctlnur Win'Ai. imffir <tU tnlmtttd tr tagarid in t 

"This eicelleDt hundhoolc, ... the msdel at whu a hiindbuak 

CtlUMTS, and DrjBUttHn. 
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Painting and Decorating: 



By WALTER JOHN PEARCE, 



QENBRAL CONTENTS. 
Introdnction — Workshop and Stores — Plant and ApphaneBB—Bnubea md 
Tool* — M»t«ials : Pi^tneDta. Driera, Faioters' OiLi — Wall Ilan^gB — Fa^et 
Hanmng— Colour Mixing — DiBtempering— Plain Pftintina— Staiiunc— Vamiali 
and VarniBhing — Imitanve PMating — GrOkiniDB — Marbling — Gikung— Simi- 
Wtiting and Letterins- Doooratdoo : Guncral PrindplBB— Decoration in CU- 
temjieT^— Painted DecoratioD — lUheio Decoration — Cotonr- Measuring uid 
Estunating— Guach-Painting— Sbip-Faiiiting. 

"'A TUORODOKLV OMFUL BOOK . . . BOOD, SOCND, PRAOT ~ 

MATION in a cLKAJtand cosciai form." — Plumbtr and DecoriUor. 



LOIDDH: CHASLES ORIFFIH i CO., LIMITED, EXETER STREET, STRUD, 



CBSMISTRY AND TECHNOLOGT. 8i 

Skconb Edition. In Large 8vo. Handsome Cioili. Witli 4 Dales 
and Several 1 llu si ration s, !6s. ncl. 

THE CHEMISTRY OF INDIA RUBBER. 

A Treatise on the Nature of India Rubber, Us Chemical and 

Physical Examination, and the Determination and 

Valuation of India Rubber Substitutes. 

Including the Outlines of a Theory on Vulcaniaathn. 
Bv CARL OTTO WEBER, Ph.D. 

"Repltli wilh icicnlific and al«i wiih lechiTi[:a] imetcU. . . . The stctioa on phTilcil 

In Large Croivn 8vo. Fully Illuslraled. 5s. nel. 

AND THBIB ALLIED PRODUCTS, 

By THOMAS LAMBERT, 

AlulylLCal dhd Technical Cheniul. 
CoHTiNTS.— UitloHcaL— Glui.— GsLATiMiu— Sin lod ItingLus 
CDH piodiiod in Glue ind Gelaline Miking.— Liqsid nnd other Glue 
of Glue and Geinline.— Re^ual PrnduclL— Annlyus of Kaw and 

A book". . '."^^il'y^tr-CA^milalX™. *'"' J' """ ' >™^" «»° !«""■ 

In Medium Svo, Handsome Clolh. Fully llliislialed, I2>. 6d. net. 

PAPER TECHNOLOGY! 

AN ELEMENTARY HAHUAL OH THE MANDFACTURE, PHYSICAL QUALITIES, 

AND CHEMICAL CONSTITUENTS OF PAPER AND OF 

FAPERHAKING FIBRES. 

With Salected Tables for Stationers. Publishers, and Others. 

Hv K. W. SINDALL, F.C.S. 



entt&c-l 
licctl'nMlue 



COKT 



il URiini 



o[ Rag Paper, Hand'made, Machine-nude; Eiporto Papen: < 
chaoical Wood Pulp; Wood Pnlp Papen; An Pimn: Hemp, ju», a 
The Phydcal Qualiliei of Paper: Weight. Th!dine«, Slreneih, E 
Chemical tonilTiuenu dF Paper: Oay, Pearl Hatdenine, Celaune. Ci 
Starch, Kenenu, Auilioc Dvei, &c.~CbeRiicaI Analrui o[Paper.~b 
ui— CoDdJlioiu Afleciine QualiIy.~"C.B.S. Uniti."-VeEeiable Fibj 
mikinE-— Chemicai and Physical ChiradcriiElcs of Fibre!.— CelluloK. 
ID Paper. — Tablet.^ BibtioAraphy.— In uBx. 



In Large Svo. Handsome Cloth. Wilh Pistes and 11 lastra lions. 7s. 6d. net. 

THE MANUFACTURE OP INK. 

A Handbook of the Production and Properties of Printing, 

Writing, and Copying Inks. 

Bv C. A. MITCHELL, B.A., F.I.C., F.C.S., S: T. C. HKPWORTH, 

Gbnekal Contkhts.— HlgUineal.~li>k& and Iheir Maouracturc-WHUQE Inkl.— 

Carbon and Carboaaceoiii Inks,— Tannin Msieiialit for Ink.-Nanire of Inki.— M>Du[ii:lute 

of Iron Gall Ink. — Ll^aiid. Vanadium, and Aniline Blaek lnk>. — Ci>toure<] Inks 

Examination of Writing Inks. — Pl4nU0B Inks. — Earljr Methods of Mannfacmie.— 
Manufactnre ol Varnish Inks- — Preparation and IncnjponitiDn of the PigmeaL —Coloured 
Printing Inki.— Copying Inks. HarkinK Ink* — Natural Vegetable Itikt— Safciy tnki 
and Papers. — SympatlKiic Inks. — Ink Po»-dei» and Tablets. — Appendieea. — Patent 
SiKciiicaiians, &c. 

" Thoroughly well arraHged . . . atrd of a genuinely practical order. "^ — BriHlk Prinlxr. 

10»D0N : CHARLES QRIFFIK 1 CO, LIMITED. EXETER STREET, STRAND. 



Large Sto. Bandsome Cloth. 12a. Sd. 

BLEACHING & CALICO-PRINTING. 

A Short Manual for Students and 

Practical Men. 

By GEORGE DUERR, 

TmIuIuI Scbculi ; OligmUt ud OoJuurlBl >1 tbe Imsll Print Worki. 
AsaisiBD BY WILLIAM TUKNBULL 



GENERAL CONTENTS.— Cottok^ Ciimpogition' of; BLEAcmNa, New 
ProoeaKB; Printiko, Hand-Iilock ; Flat-Pren Work ; Machine Printiiig — 
MoBDANTS— OTTUE8 ojr CAJ.lco-^RiNTt»o : The Dyed or Madder SM«, Renat 
Padded Style, Discbarge and Extract Style, Cbramed or Rwsed Colonn, 
Inmlnble Coloora, &o. — Thiokenora — Natural Organic Oolouriog Matteia 
— Tannia Mutters — Oils, Soaps, Balvents — Orguuc Acids— SalU—Minenl 
ColonrB — Coal Tar Colours— Dyeing — Water, Boftening of — Theory of Colonn 
— Weights and Measures, ka. 



Second Edition. Revised and Enlniged, With Numerou* 
Illustrations. 4s. 6d. 

GARMENT 
DYEING AND CLEANING. 

A Practieal Book for Practical Men. 



GsNKSAi. Contents.— Tecbnology at the Textile Fibres— (Jarment Cleaning 
— Dyeing of Teiitiie Fabrics— Bleaching— Finishing of Dyed and Cleaned Fabrics — 



Scourii^ and Dyeing of Skin Rugs and Mats — Cleaning and Dyeing of Fealhen — 

Glove Cleaning and Dyeing — Straw Bleaching and Dye'"~ "' ' " 

and Chemicals— Useful Tables. 



'Gated upon are aJnjmt entjnl)' wit 
' Dvn and cLomri [□ the Kingdom" 



LONDON : CHARLES GRIFFIN A CO., LIMITED, EXETER STREET. STRAND. 



INTRODUCTORT SOISNOE SERIES. 



Ihu Iheia chUTalnK-lOAldDS TOIumei."'-l>ltei to the Publlihcn Irom lbs Hnd- 
BMUI at ODE ol our greic Fabllc Bchooli. 

HBLndiame Cloth, 7a. Gd. Gilt, for PresentatioD, 8<. 8d. 

OPEH-AIR STUDIES $ BOTfl|»Y: 

SKETCHES OF BRITISH WILD FLOWERS 

IN THEIR HOUES. 

By R. LLOYD PRAEGER, B.A., M.R.I.A. 

Illnstrated by Drawings from Nature by S. Rosamond Praegrer, 

and Photographs by R. Welch. 

Genkkai, Contksts. — A DaiBj- Starred Paitiire— Under the H«wthDm« 

— By the Jiivec — Along the Shingle— A Fragrant Hedgerow — A Coiineni»r« 

Bog — Whore the Samphire growa— A Flowery Mendow— Among the Com 

Ik Stady in Weeds)— t the Home of the Alpinea— A City Rnbbiah-Hekp— 

„. .: — .-™.. . — ,. _ ^ ^ .houH ti*e B high pliics ... The 



]s kind we ban le 



' woodland aad moodov 



~Tht Sandard. 



OPEHIR STUDIES IfJ GEOIiOQY: 

An Introduction to Geolofiry Out-of-doors. 

By GRENVILLE A, J. COLE, F.G.S., M.R.I.A., 

Froleuol or Oeologr Id the Koyil College ol Science lor trtlknd, 

■od Eianilner la the I'nIienItT ot London. 

Gkhekal Conxbnts.— The Material! of the Earth— A Moantun Hollow 

— Down the Valley — Along the Shore — Across the Plains — Dead VolcanOM 

—A Oionite Highland— The Annals of the Earth— The Surrey Hilli- Tha 

Foldi of the Mountains. 

"Tbe rucnxTmo 'Oi-iK-AiB Stdpiu' of 
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OPE|i-fllR STUDIES I|4 BlRD-LIfE: 

SKETCHES OF BRITISH BIRDS IN THEIR HAUNTS. 
Bt CHARLES DIXON. 

The Sjiaoious Air.— The Open Fields and Downa.- In the Hedgerows.— On 
Open Heath and Moor.- On the Monntuns. — Amongat the Evergreens. — 
Copse and Woodland.— By Stream and Pool.— The Sandy Waates and Mnd- 
flatt— Sea-laved Rocka.— Birds ol Uie Citdes.— INDKX. 

" Enriched with excellent illuiintioiu. A mlcome addition to ill libririei.''— H''il- 



UNDOH: CHARLES QRIFFIH « CO., UMITEO- EXETER STREET. STRAH& 



OHABLSa QRIFflN A CO.'B PUBLWATtONS. 

Twenty-third Annual Isaae, Handsome aloth. 78. 8d. 
(To Subscribers, 83.) . 

THE OFFICIAL YEAR-BOOK 



PROM OKFICIAi. SOUR0B8. 



Oamprlaing (together with other Official Information) LISTS of •*» 
PAPeaS read during the Sasaian 1905-1906 before all the LfADIHB 
80CIBTIE8 throughout the Kingdom engaged In the following Depart- 
menta of Beaeatoh : — 



t I. SdcnuGimeralJy: IV., Sodi^aoccupy- 
lug (hcnurlvei wilh&ewnl bnmtheiof 
ScaeDLc.or witbSdEnc*jmd lj|«miun 

I ,. M^llLi^uu ind Fhyiia. 

I 3- CbemUlry >nj Photogtiphy 

i t. OeolD^T, GcDRraphy, and Muien]»T. 

f 5. BioloET, Lndudioc MLcnucDpjr uka Aq- 



) 1. Mcdupiotl Sdnii 



1 .a. Ljiw. 

I I J, AKhK>ltn 



Llituy Science. 
nd Uordcuttar*. 



"Fills a very real want." — Engineering. 

" Ihbisfensable to any one who may wish to keep himself 
abreast of the scientific work of the day." — Edinburgh Medical 
fournal. 

—Ltrd Plaj/air, P.R.B., X.C.B.. M.P,, Piul-Prtndni a/lkt 




Copies of the First Issue, giving; an Account of the History, 
OiganiEatioc, and Conditions of Membership of the varioua 
Societies, and forming the groundwork of the Series, may still be 
had, price 7/6. Also Copies of the Issues following. 
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READY IN OCTOBER EACH YEAR. 
LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET. STRAKl 



